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INTRODUCTION (278). From the very beginning, there has been uncertainty

In 1888, on Guadeloupe Island, Edmond Nocard isolated an
aerobic filamentous organism from lesions in cattle suffering
from farcy (490). In 1889, Trevisan created the genus Nocardia
to accommodate Nocard’s isolate and named it Nocardia
farcinica (420, 673). One year later, in 1890, Eppinger isolated
a similar aerobic, branching filamentous organism from a
human with a fatal brain abscess and called this organism
Cladothrix asteroides (230); however, in 1896 it was renamed
Nocardia asteroides (119). Because of confusion regarding the
identity of Nocard’s original isolate combined with evidence
that Mycobacterium causes bovine farcy, the identification of N.
farcinica was placed in doubt (278). As a result, N. farcinica was
officially removed as the type species and N. asteroides was
designated as the new type species for the genus Nocardia
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over the taxonomic position of nocardioforms, i.e., bacteria
that resemble Nocardia organisms. The specific taxonomy of
isolates of this heterogenous group of organisms is still in flux
and controversial (275, 278, 403, 404, 420, 584, 676, 699).

During the ensuing 100 years, it has been shown that N.
asteroides is a heterogeneous taxon (275, 403, 404, 420). It is
not within the scope of this review to address this complex
subject, yet it is important to note that N. asteroides, as
currently defined, probably consists of several subtypes and/or
species. These include N. asteroides sensu stricto, N. farcinica,
N. nova, and several distinct serotypes and biotypes (278, 403,
404, 698, 699, 727). Regardless of their designation, all of these
varieties of the N. asteroides taxon have been isolated from
humans and animals with serious (often fatal) infections (93,
584, 698, 699). The other pathogenic Nocardia species appear
to be taxonomically more homogeneous and include N. brasil-
iensis, N. otitidiscaviarum (N. caviae), and N. transvalensis (275,
420). There is even one Nocardia species that infects plants:
N. vaccinii, which causes galls on blueberry plants (420).
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LABORATORY DIAGNOSIS OF NOCARDIOSIS

Several investigators point out that the nocardiae are diffi-
cult to recognize and identify in the diagnostic laboratory (74,
104, 185, 486, 583). There is sometimes a delay in growth of
identifiable colonies on culture media following primary isola-
tion from clinical samples. Furthermore, their relatively slow
growth often results in the cultures being discarded before the
nocardiae can be visualized. Additional complications in rec-
ognition result from the variable colony morphology of nocar-
diae on different types of media and with different clinical
isolates (74, 104, 185, 403, 486, 583).

Once the nocardiae become apparent, they must be differ-
entiated from a variety of other gram-positive bacteria which
they can resemble. These include other actinomycetes such as
Streptomyces spp., Actinomyces spp., Actinomadura spp.,
Rhodococcus spp., Gordona spp., and Tsukamurella spp., as
well as Mycobacterium spp. and Corynebacterium spp. (275,
420). Historically, the nocardiaec were recognized and differ-
entiated on the basis of cellular morphology, combined with a
small number of physiologic tests (185, 278, 420). Although
this approach is still useful in the diagnostic laboratory, it is
inadequate. ,

The genus Nocardia consists of gram-positive, variably acid-
fast, strictly aerobic bacteria that form filamentous, branched
cells which fragment into pleomorphic, rod-shaped, or coccoid
elements (275, 420). The extent of the filamentation, lateral
branching, and uniformity of the fragmentation process is
variable and often depends on the conditions of culture (275,
420). Microscopic examination of colonies of nocardiae grown
on solid media reveals that filamentous cells protrude into the
air away from the surface (aerial hyphae). The extent of aerial
filamentation and fragmentation may vary from sparse to
abundant (275, 420). Colonies with abundant aerial growth
have a “cotton ball” appearance that may resemble many
Streptomyces spp. or, superficially, even some fungi (275, 420).
Most Nocardia spp. produce carotenoid-like pigments that
result in colonies with various shades of yellow, orange, pink,
or red. Some strains produce a melanin-like, water-soluble
pigment that turns the medium brown. The intensity of all of
these pigments depends on the specific culture conditions used
to grow the nocardiae (53, 275, 420).

The nocardiae are catalase-positive chemoorganotrophs
with an oxidative-type metabolism (275). The chemical com-
position of the cell envelope is most useful in differentiating
genera that may resemble the nocardiae (151, 275, 420). The
cell wall is chemotype IV (420) containing meso-diamin-
opimelic acid (meso-DAP), arabinose, galactose, and N-glycol-
ylmuramic acid. Mycolic acids are linked to the peptidoglycan
by way of an arabinogalactan polymer. The mycolic acids have
a carbon chain length that varies from C,, to C,, with zero to
four double bonds (76, 87, 151, 275, 334, 728). The character-
istic fatty acids released from the mycolic acids by pyrolysis-gas
chromatography vary in size from C,, to C,4. These fatty acids
may either be saturated or contain one double bond (76, 87,
151, 275, 334, 728). Another characteristic fatty acid which is
recognized in the cell envelope is 10-methylstearic acid (tuber-
culostearic acid) (275, 420). The major menaquinone in nocar-
diae is tetrahydrogenated with eight isoprene units. The gua-
nine-plus-cytosine composition of the DNA varies from 64 to
72 mol% (275, 420).

An additional criterion that may permit rapid differentiation
of Nocardia spp. from most other actinomycetes depends on
resistance to lysozyme (185, 275, 420). With the exception of N.
amarae, all Nocardia spp. grow in a nutrient broth supple-
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mented with lysozyme, whereas most Rhodococcus, Actinoma-
dura, and Streptomyces spp. do not (185, 275).

Originally, Gordon and colleagues (275, 278, 420) differen-
tiated the Nocardia species on the basis of relatively simple
physiological tests that still have merit. With these tests, N.
asteroides, N. brasiliensis, and N. otitidiscaviarum form clear
species separation (278, 420). However, as noted above, many
investigators point out that the N. asteroides taxon is hetero-
geneous, whereas N. brasiliensis and N. otitidiscaviarum form
more homogeneous clusters (275, 403, 404, 420, 698, 699, 727).
Therefore, numerous attempts have been made to delineate
homogeneous subgroupings within the N. asteroides complex in
order to permit more precise identification of certain clinical
isolates (151, 275, 403, 404, 420, 584, 676, 698, 699, 727). No
single study or approach has been successful; however, by
combining information obtained from different laboratories
via a combination of methods (i.e., chemotaxonomy, antibioto-
gram analysis, numerical taxonomy, DNA homology studies,
and serological studies), specific subgroupings of the N. aster-
oides complex have been proposed (74, 151, 275, 403, 404, 420,
584, 677, 698, 699, 727). Two of these subgroups have received
species recognition as N. farcinica (275, 420) and N. nova (275,
420). It is important to note that by the Gordon series of tests
(involving 40 different physiological properties), N. asteroides
sensu stricto cannot be differentiated from N. farcinica and N.
nova (420). In general, the N. farcinica type strain, ATCC 3318,
is differentiated from N. asteroides (type strain ATCC 19247)
by the ability of N. farcinica to grow on and produce acid from
rhamnose; to grow on 2,3-butylene glycol (1%, vol/vol), 1,2-
propylene glycol (1%, vol/vol), and at 45°C; and to utilize
acetamide as a carbon and nitrogen source, as well as by its
resistance to the antibiotics tobramycin and cefamandole (275,
420, 699). On the other hand, N. nova is differentiated from
both N. asteroides and N. farcinica by having larger mycolic
acids (Cs, to Cg,), 2-week arylsulfatase activity, a- and B-
esterase activity, lack of acid phosphatase activity, the inability
to use monoethanolamine as a carbon and nitrogen source,
and resistance to the antibiotics cefamandole and erythromy-
cin (151, 275, 698, 727).

Confirmed diagnosis of nocardiosis currently requires that
the organism be isolated from the patient. Specific identifica-
tion of the isolate is then made on the basis of the criteria
described above. A single Nocardia colony isolated from a
patient who presents with appropriate clinical signs should not
be ignored as insignificant, because pathogenic Nocardia spe-
cies are not seen frequently as either laboratory contaminants
or part of the normal flora (53). However, the same organism
must be repeatedly isolated from the patient before it can be
concluded that the patient has nocardiosis. Nevertheless, a
single colony of N. asteroides isolated from the cerebrospinal
fluid (CSF) of a patient showing central nervous system (CNS)
symptoms probably should be viewed as significant, whereas a
single colony isolated from a sputum sample may not have the
same significance (53).

During the past 100 years, numerous investigators have tried
to develop reliable and useful serodiagnostic tests that permit
accurate and rapid diagnosis of nocardial infections in humans
and other animals (123, 275, 403, 404). It is beyond the scope
of this review to either describe or discuss all of these studies.
Currently, there is no single serodiagnostic test that is routinely
used to identify patients with nocardial infections. The major
problems with developing serodiagnostic methods stem from
the fact that the host infected with nocardiae usually develops
a minimal antibody response (i.e., samples have low antibody
titers) that is nonspecific (i.e., most nocardial antigens that the
host recognizes share numerous epitopes with a variety of



VoL. 7, 1994

antigens from other actinomycetes, as well as Mycobacterium
spp., Rhodococcus spp., and Corynebacterium spp.). This prob-
lem is complicated further by the heterogeneity of the nocar-
diae (123, 275, 403, 404). Nevertheless, Sugar et al. (647) and
Boiron and Stynen (123) found that a 55/54-kDa protein
secreted into the culture medium during nocardial growth
could be used as a specific and reliable diagnostic antigen in
most cases of human nocardiosis. The presence of antibodies
to this 55/54 kDa antigen probably represents the best single
marker for active infection by Nocardia spp. (123, 647).
However, Kjelstrom and Beaman demonstrated that not all
clinical isolates of Nocardia spp. induced an antibody response
to the 55/54-kDa antigen in experimental animals (384). Fur-
thermore, Kjelstrom found that several humans with nocar-
diosis confirmed by culture did not have a demonstrable
response against the 55/54-kDa antigen in a Western immu-
noblot assay (383). However, most of these individuals had
antibody to other secreted nocardial antigens (i.e., 90-, 62-, 36-,
and 31-kDa antigens) that appeared to have diagnostic value
(383). Therefore, Kjelstrom concluded that no single diagnos-
tic antigen was sufficient to recognize all nocardial infections
(383). As a consequence, Kjelstrom and Beaman developed a
panel of tests for recognition of nocardial infections based on
reactivity to a variety of antigens by using enzyme-linked
immunosorbent assay of cytoplasmic, culture filtrate, and cord
factor antigens; immunofluorescence assay against whole cells
of N. asteroides; and Western blot analysis of secreted protein
antigens of N. asteroides GUH-2 (384). In a murine model, this
approach could accurately differentiate nocardial infections
from other actinomycete infections including those caused by
Mycobacterium spp. (384). Furthermore, animals with subclin-
ical infections with live organisms could be differentiated from
those immunized with killed cells. When this diagnostic panel
was applied to human sera, there was excellent sensitivity and
specificity for culture-proven cases of clinical disease caused by
nocardiae (383). To determine the incidence of infection by
nocardiae, healthy volunteers were screened by using this
diagnostic panel, and 25% of these healthy individuals (71 of
284) had a subclinical exposure to Nocardia spp. based on
seropositivity as compared with patients with culture-proven
infection (383). In addition, twice as many males as females
were serologically positive for nocardial infection (383). This
diagnostic panel used antigens prepared from N. asteroides
GUH-2. Of all individuals tested, 10.4% (36 of 345) reacted to
all nocardial antigens in the panel (383). These data suggest
that at least one-third of all seropositive individuals (108 of 345
people tested were seropositive) evaluated in this study had
either a clinical or subclinical infection with an organism
closely related antigenically to N. asteroides GUH-2 (383).

CLINICAL ASPECTS OF NOCARDIA INFECTIONS

In humans, at least six basic forms of disease may be
recognized following Nocardia infection: (i) pulmonary nocar-
diosis (2, 7, 32, 38, 134, 190, 237, 287, 350, 356, 393); (ii)
systemic nocardiosis (involving two or more body sites) (15, 22,
36, 51, 165, 166, 202, 220, 319, 330, 357); (iii) CNS nocardiosis
(43, 44, 50, 52, 133, 138, 142, 153, 184, 194, 198, 219, 309, 310),
(iv) extrapulmonary nocardiosis (3, 23, 48, 137, 147, 180, 216,
234, 259, 317); (v) cutaneous, subcutaneous, and lymphocuta-
neous (sporotrichoid) nocardiosis (12, 47, 101, 123, 269, 293,
303, 311, 315, 352, 353); and (vi) actinomycetoma (13, 14, 160,
167, 286, 305, 321, 429, 442, 447, 489). In animals, other forms
of disease such as bovine mastitis occur, but these will not be
discussed here (93, 150).
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Pulmonary Nocardiosis

Nocardia cells are found within the environment in soil and
water and on vegetable matter (584, 718). These organisms
may become airborne, especially on dust particles. As a
consequence, pulmonary infection probably results from either
inhalation or aspiration of nocardiae into the lungs (70, 78,
583, 584). In addition, the nocardiae can be introduced into the
tissues by trauma or into the bloodstream by accidental
inoculation (690). Furthermore, there is evidence suggesting
that pulmonary nocardiosis occasionally spreads from the oral
cavity (666) or gastrointestinal tract (70, 146, 147, 182, 236,
313, 573) following ingestion of contaminated foods.

The first case of primary pulmonary nocardiosis occurring in
a patient in the United States was described in 1898 by Flexner
(247). Since this first report, several hundred cases of primary
pulmonary nocardiosis occurring in both healthy and immuno-
compromised individuals have been described in the literature.
The pathologic feature of pulmonary nocardiosis is usually a
suppurative response, but a granulomatous response or a
mixture of these resulting in radiographic presentations that
are pleomorphic and not specific may occur (38, 237, 393, 395,
506, 734). The manifestation within the lungs may vary from a
mild, diffuse infiltration to a lobar or multilobar consolidation
(Fig. 1A). There may be solitary masses, reticulonodular
infiltrates, large irregular nodules (frequently with cavitation),
interstitial infiltrates, and pleural effusions (38, 237, 393, 395,
411, 478, 506, 527, 734). The lesions produced in the lungs may
be necrotizing abscesses that usually are not encapsulated, or
they may be sharply circumscribed (273, 393). Granulomas
which have undergone central necrosis may occur; however,
these granulomatous lesions usually contain a mixed cellular
response with polymorphonuclear leukocytes (PMNs), macro-
phages, and lymphocytes and usually without the epithelioid
cells that can be seen in lesions induced by Mycobacterium
tuberculosis. Multinucleate giant cells are occasionally ob-
served within nocardia-induced granulomas (186, 198, 247,
623). Indolent, progressive fibrosis may occur if the patient
does not receive adequate therapy. There are reports of
Nocardia spp. colonizing airway passages without inducing
disease; however, on the basis of studies with animal models,
these should probably be interpreted as representing subclin-
ical infections rather than simple colonization (37, 59-61, 64,
67,69-71, 74, 82, 89, 122, 203, 253, 254, 388, 566, 734). It would
be important to determine whether these individuals develop
circulating antibodies consistent with nocardial infection.

As indicated above, there are no specific clinical signs
diagnostic for pulmonary nocardiosis, and the clinical presen-
tation of disease may run the full spectrum of either acute or
chronic pulmonary infection. There may be pneumonia, ab-
scess formation, or both. A granulomatous response similar to
tuberculosis also has been recognized (38, 237, 704), and
calcified lesions reminiscent of Histoplasma infection are oc-
casionally found. Thus, pulmonary infections caused by Nocar-
dia spp. are often misdiagnosed as pyogenic infections, myco-
plasmal infections, viral infections, tuberculosis, actinomycosis,
mycoses of various etiologies, benign tumors, and/or various
forms of cancer. In many of these instances, the correct
diagnosis can be established only by both visualization of
nocardiae within the tissue and isolation of the organism in
pure culture from the affected areas, often at autopsy (18, 38,
186, 198, 203, 237, 247, 253, 254, 393, 395, 478, 486, 506, 527,
623, 703, 734).
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FIG. 1. Nocardial infections in humans. (A) Chest X-ray of a male patient with AIDS and progressive pulmonary nocardiosis. N. asteroides was
isolated from the lungs. (B) Computed tomogram of the head of a male patient with Hodgkin’s disease and systemic cerebral nocardiosis. N.
brasiliensis was isolated from this patient. Photographs from both patients were kindly provided by Mark Abbruzzese, Georgetown University

Hospital, Washington, D.C.

Systemic Nocardiosis

Nocardial lesions in the lungs or elsewhere in the body
frequently erode into blood vessels. Once blood borne, the
organisms can invade other anatomic locations. This process
can also occur following traumatic inoculation from a contam-
inated source (e.g., a thorn [303, 311, 702], wood splinter [180],
traumatic accident [352, 378], bullet wound [283, 463, 468],
insect bite [156, 277], or animal bite [429]). Thus, when lesions
are found at two or more locations within the body, the
infection is defined as systemic or disseminated nocardiosis.
Any anatomic location can be involved, but the most common
sites that become infected during dissemination include the
CNS, cutaneous and subcutaneous tissues, eyes (especially the
retina), kidneys, joints, bone, and heart (22, 26, 36, 51, 105,
107, 122, 135, 144, 149, 156, 159, 176, 191, 218, 220, 251, 253,
254, 260, 263, 304, 352, 375, 391, 392, 423, 454, 459, 466, 478,
479, 503, 520, 522, 525, 538, 540, 566, 569, 585, 589, 601, 631,
708, 719, 731, 734).

The hallmark of nocardial lesions is abscess formation, and
PMN:s represent the predominant infiltrating type of host cell
during the early stages of infection. Thus, in systemic nocardi-
osis, the nocardiae behave as pyogenic bacteria (1, 36, 51, 528,
583, 585). However, as with pulmonary infections, the host cell
response becomes mixed, with lymphocytes and macrophages
becoming conspicuous as the infection advances into a more
chronic phase. Pure granulomas, as seen with M. tuberculosis,
can be found in infections with some Nocardia strains; how-
ever, this type of host response is not common (186, 198, 247,

623, 734). The abscesses enlarge by direct extension of the
nocardial filaments through the tissue. Unlike pulmonary
infections, disseminated or systemic nocardiosis tends to be-
come relentlessly progressive, and self-limited or subclinical
disease is not recognized frequently (22, 26, 32, 51, 105, 107,
122, 135, 144, 149, 156, 159, 176, 181, 218, 220, 221, 251, 254,
260, 263, 304, 352, 375, 391, 392, 423, 454, 459, 466, 478, 479,
503, 520, 522, 525, 538, 540, 566, 569, 585, 589, 601, 631, 708,
719, 731, 734).

CNS Nocardiosis

In an analysis of 1,050 cases selected randomly from the
literature (Table 1), 238 (22.67%) of these involved infections
of the CNS (not all CNS infections reported in the literature
were selected for this analysis). Furthermore, 44% of patients
with systemic nocardiosis in this study had CNS infections, with
the lungs representing the most common primary location
(Table 1). In addition, 91 (38.2%) of the infections described in
the literature involved the CNS without evidence of infection
elsewhere in the body; thus, they were regarded as primary
infections of the CNS (Table 1). Of these CNS infections, 42%
(100 of 238) occurred in previously healthy individuals with no
identifiable predisposing factor (1, 4, 5, 8, 19, 22, 26, 31, 32, 34,
36-40, 43, 44, 50, 51, 102, 106, 109, 112, 121, 132, 133, 135, 138,
144, 152, 153, 159, 165, 166, 178, 179, 181, 192, 196, 198, 201,
203, 215, 228, 231, 233, 238, 239, 253, 255, 264, 267, 271, 276,
288, 292, 294, 298, 299, 301, 304, 308, 310, 314, 320, 323, 327,
330, 341, 342, 344, 357, 361, 364, 365, 367, 369, 370, 373, 374,
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TABLE 1. Distribution of Nocardia spp. by the type of disease”

No. of cases
Species Pulmona: S : Single site (extrapulmonary)
ry ystemic + ( Cutaneous +

(only) CNS? CNS* only lymphocutaneous Eyes Bone Other Total
N. asteroides 356 265 (113) 73 34 27 17 59 831
N. brasiliensis 8 20 (5) 3 43 0 2 7 83
N. farcinica 6 0(0) 4 1 0 0 2 13
N. otitidiscaviarum 4 8(5) 1 3 1 3 2 22
N. transvalensis 1 2(2) 0 0 0 0 0 3
Nocardia spp. 37 39(22) 10 1 1 4 6 98
Total 412 334 91 82 29 26 76 1,050

% Data are derived from references 1-9, 15, 18, 19, 21-23, 25-27, 3140, 43, 44, 47-52, 99-110, 112, 114, 121, 124, 125, 127, 132-135, 137-140, 142-147, 149, 152-157,
159, 161-166, 168-171, 175-183, 186-188, 190-198, 201-204, 206, 207, 213-220, 222, 224, 225, 228, 231-239, 241, 247-255, 257-262, 264, 266-272, 276, 277, 280, 284,
285, 287-304, 307-311, 313-320, 322-324, 326-329, 331, 337, 340-344, 347, 348, 350-354, 356, 357, 359-367, 369, 370, 372-374, 377-380, 385, 386, 389, 392-397, 400-402,
408-410, 413-419, 421-425, 427, 428, 430, 432-438, 440, 443-446, 448451, 453456, 459-463, 466-468, 470475, 477-486, 488, 492, 493, 495, 496, 503, 505, 506, 510-512,
514-527, 531-535, 537-547, 549, 551, 553-571, 573, 574, 576, 578, 580, 582, 586-598, 601, 602, 605, 607-609, 611, 616623, 625, 626, 628, 631, 634-646, 648, 649, 653-655,
657, 658, 660, 662664, 666, 667, 672, 674, 675, 677-684, 687, 690-694, 696-707, 709-717, 719-723, 725, 726, 730-736.

b Systemic infections are those at two or more sites; numbers in parentheses indicate patients with CNS infection also.

< Total CNS cases, 238.

378, 380, 386, 394, 396, 397, 414, 418, 419, 422, 428, 430, 433,
434, 437, 440, 448, 456, 459, 461, 466, 468, 477, 480, 482, 484,
492, 495, 503, 505, 510, 512, 515, 517, 520, 522, 523, 525, 534,
537, 538, 545, 551, 553, 555, 560, 562, 564, 576, 582, 588, 592,
602, 605, 607, 609, 621, 622, 625, 631, 635, 636, 639, 641, 648,
653, 655, 657, 658, 662, 679, 681, 684, 687, 693, 700, 705, 707,
709, 712, 715, 723, 725, 726, 731, 734). On the basis of these
observations combined with data from models involving exper-
imental animals, Nocardia spp. should be regarded as primary
pathogens of the CNS, especially the brain (69-71, 74, 88, 97,
388, 498, 499).

Infections of the brain by Nocardia spp. are often insidious
in onset and difficult to diagnose and treat successfully (70).
Nocardia spp. can invade the brain silently and persist as an
inapparent infection (357, 528, 562, 582). Thus, the signs and
symptoms expressed following brain infection are variable, and
there may not be any outward neurologic manifestations (357,
528, 562, 582). The lesions in the brain may be recognized as
either granulomata with giant cells (228, 712) or, more fre-
quently, abscesses in any location within the brain (Fig. 1B).
Diffuse cerebral infiltration with no focal lesions may also be
present (181). Frequently, nocardial lesions are localized in the
parietal, frontal, and occipital cerebral cortex (132, 228, 503,
562, 658, 715), basal ganglia (437, 683), midbrain (682), and
brain stem (pons) (109, 138, 309, 484, 505). Furthermore, there
may be meningitis with or without involvement of other
portions of the brain (138, 142, 228, 267, 378, 430, 517, 625).
Occasionally, the spinal cord represents the only location for
CNS invasion by Nocardia spp. (27, 232, 482, 609, 710, 720).

The clinical presentation of CNS infection by Nocardia spp.
may be acute with rapid progression, but most frequently the
disease progresses gradually, resulting in a broad range of
neurologic deficits extending over a period of from several
months to several years (70). Unlike pulmonary or systemic
nocardiosis, there may be no fever or shift in the blood cell
differential to signal a bacterial infection. For example, in a
study of seven liver transplant patients with nocardiosis, Forbes
et al. (251) stated that “The presence of fever or leukocytosis
is not inevitable. Only three of our patients had both fever and
leukocytosis; and one, with disseminated disease, had neither.”
The patient with disseminated disease described by Forbes et
al. (251) had nocardiae in the brain. Bauman et al. (50)
described a nonimmunocompromised patient with a brain

lesion caused by nocardiae: “Because of the absence of clinical
signs of infection and the age of the patient, a presumptive
diagnosis of the brain tumor was made, and therapy was
instituted with dexamethasone.” Since the lesion was accessi-
ble to surgery, a biopsy was performed, and Nocardia spp. were
isolated from the lesion (50). The investigators reported that
“No malignancy was present. The patient had normal immune
response as determined by an anergy screen. No underlying
illnesses predisposing to infection with Nocardia spp. were
present, and the patient was afebrile throughout the course of
observation” (50). Similarly, Beaman (70) described a nonim-
munocompromised woman in her mid-thirties who gradually
developed progressive neurologic signs over a period of 3
years. Eventually, she developed hemiparesis and had difficulty
in walking. A computed tomogram showed a mass in the right
upper cerebral hemisphere. Because she was afebrile and there
was no evidence of an infectious disease process (all blood tests
were normal), the diagnosis of brain tumor was made (70).
Since the lesion was accessible, it was removed surgically. The
pathologists demonstrated that the mass was not a brain tumor
but, instead, a lesion from which N. asteroides was isolated (70).
In our analysis of 238 published cases of CNS infections
(described below) caused by nocardiae, we found that CNS
infections tend to be more rapidly progressive in compromised
hosts than in normal individuals with no underlying predispos-
ing factor, in whom infections of the brain are indeed insidious
and slowly progressive. Recently, Beaman analyzed and re-
viewed 150 cases involving brain infections caused by Nocardia
spp. in humans (70).

Extrapulmonary Nocardiosis

Since nocardiae were originally thought to infect primarily
the lungs, infections in regions of the body without identifiable
pulmonary involvement were placed into the broad category of
extrapulmonary nocardiosis (64, 74, 78, 110, 122, 263, 583,
585). In general, this category may be best considered sepa-
rately from cutaneous, lymphocutaneous, and mycetomatous
infections (64, 74, 78, 122, 263, 583, 585). Although any
anatomic site can become a focus for primary extrapulmonary
nocardial infection (3, 46, 49, 125, 147, 182, 236, 252, 259, 360,
409, 450, 460, 481, 519, 526, 533, 573, 616, 643, 646, 655, 667,
711, 732), the brain, bone, eyes, heart, joints, and kidneys are
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the most frequently affected sites reported in the literature (78,
122, 263, 586). As indicated above, the predilection of Nocar-
dia spp. for the brain is striking, and it is suggested here that
these infections be considered in a separate category from
other types of extrapulmonary infections (69, 70). Thus, most
cases of extrapulmonary nocardiosis outside the CNS would
include primary infections of the bone (27, 198, 216, 264, 289,
417, 453, 475, 524, 565, 730), eyes (48, 103, 137, 140, 180, 224,
268, 290, 307, 316, 317, 328, 359, 377, 462, 463, 488, 543, 586,
634), heart (169, 234, 324, 369, 425, 493, 535, 654), joints (23,
177, 187, 474, 546, 672, 717), and kidneys (513, 538, 541, 558,
573), with a marked propensity for the eyes, especially the
retina; however, retinal involvement is recognized frequently
as a consequence of dissemination rather than as a primary
focus (144, 149, 171, 206, 241, 337, 386, 416, 427, 444, 511, 539,
560, 607). On the other hand, corneal and other ocular lesions
often result from traumatic inoculation (48, 103, 137, 140, 180,
224, 268, 290, 307, 316, 317, 328, 343, 359, 377, 462, 463, 488,
543, 586, 634). Also, nocardial infections of the joints, causing
an arthritis, are becoming more frequently recognized (23, 177,
187, 474, 546, 672, 717). Furthermore, there are several reports
of primary pericarditis and endocarditis (169, 234, 324, 369,
425, 493, 535, 585, 654).

Localized Cutaneous, Subcutaneous, and
Lymphocutaneous Nocardiosis

Primary cutaneous and subcutaneous nocardiosis (12, 99,
100, 124, 156, 269, 291, 293, 296, 315, 352, 353, 410, 423, 542,
547, 580) usually occurs following traumatic introduction of
Nocardia spp. into the skin by a thorn (303, 311, 591, 721, 722),
splinter (180), puncture wound (717), insect bite (156) (i.e.,
tick [423] or mosquito [277]), animal scratch (i.e., cat [418, 570]
or rabbit [311]), or dog bite (429). Since the nocardiae are
ubiquitous in the soil, it is likely that cutaneous inoculation
into humans is relatively common. Once the organism
breaches the integrity of the skin, it can begin to grow. This
localized growth may progress sufficiently to induce an inflam-
matory response leading to the accumulation of PMNs, which
results in either a cellulitis or pyoderma (353, 580). Often the
infection becomes circumscribed to form an abscess. In some
instances this infectious process is progressive, but most fre-
quently it appears to be self-limited. Cutaneous and subcuta-
neous infections that manifest as cellulitis, pustules, pyoderma,
or localized abscesses have the same appearance as diseases
caused by other pyogenic bacteria such as Staphylococcus and
Streptococcus spp., except that nocardial infections tend to be
more indolent; hence, clinical misdiagnosis of these cutaneous
infections caused by Nocardia spp. occurs (353). All of the
pathogenic Nocardia species may cause cutaneous or subcuta-
neous lesions; however, N. brasiliensis is the most frequently
recognized cause of progressive disease, whereas N. asteroides
may be a frequent cause of the more self-limited forms of
infection (12, 16, 99, 100, 124, 156, 269, 291, 293, 296, 315, 352,
353, 410, 423, 542, 547, 580).

The organism may spread from the primary site of inocula-
tion through the lymphatics to the regional lymph nodes,
resulting in lymphocutaneous nocardiosis (47, 101, 225, 311,
471-473, 570, 591, 606, 674, 721, 722, 736). Since this form of
nocardiosis frequently results from a thorn puncture, and since
it presents a clinical course that may be indistinguishable from
sporotrichosis caused by the fungus Sporothrix schenckii, it is
often referred to as sporotrichoid nocardiosis (47, 101, 303,
311, 315, 471, 473, 591, 721, 736). Most cases of lymphocuta-
neous nocardiosis reported in the literature are caused by N.
brasiliensis; however, there are a few reports of this syndrome
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being caused by N. asteroides and N. otitidiscaviarum (47, 101,
225, 311, 471-473, 570, 591, 606, 721, 722, 736).

The incidence of cutaneous, subcutaneous, and lymphocu-
taneous nocardiosis was thought to be relatively uncommon.
However, several investigators have pointed out that this form
of nocardiosis is probably much more common than is gener-
ally appreciated (353, 580). This is because the disease may
mimic other, more common, pyogenic infections caused by
such organisms as Staphylococcus aureus (353, 580). Also, the
somewhat self-limited lesions are usually not cultured, and
Gram stains are usually not made. Therefore the true etiology
is most often never determined except in cases that do not
respond to therapy or worsen over time (353, 580). Further-
more, nocardial infections in general are underdiagnosed
because of the relatively slow growth of the organism during
primary isolation from clinical material combined with the
often reported failure to recover the organism, even when a
Gram stain demonstrates its presence. These factors may
explain why only a relatively small number of cases of primary
cutaneous, subcutaneous, and lymphocutaneous nocardiosis is
reported in the literature (Table 1).

Nocardia-Induced Mycetomas

A mycetoma is a chronic disease caused by a variety of fungi
and actinomycetes (305). The disease process usually begins at
the site of a localized injury such as a puncture wound caused
by a thorn or a splinter. Therefore, mycetomas are more
frequently seen on the feet, legs, arms, or hands, but they can
develop at any location of the body such as the back, shoulders,
and head (Fig. 2). The mycetoma most often starts as a
painless nodule developing at the site of the injury days to
months after the injury. This nodule increases in size and may
eventually become purulent and necrotic. Pus may discharge
through sinus tracts that develop. During the progressive
development of the lesions, chronic granulomatous inflamma-
tion with concomitant swelling and enlargement of the sur-
rounding areas occurs with the formation of additional, mul-

~ tiple secondary nodules and draining sinus tracts that exude

serous fluid which may contain pus cells (583, 599, 600). The
exudate from these sinus tracts usually contains granules that
have a characteristic size, shape, and color. The granules
represent small colonies of the infecting agent surrounded by
masses of inflammatory cells (439, 599, 600). Usually the
mycetoma remains localized but enlarges by extension of the
organisms through the tissues. With time, the infection in-
volves both the muscle and bone, wherein a destructive
osteomyelitis occurs. Once established, these lesions become
relentlessly progressive over a period of years and frequently
do not respond to chemotherapy (583, 599, 600).

Mycetomas can be divided into two basic categories that
depend on the type of microorganism causing the disease.
Mycetomas caused by fungi are called eumycetomas, whereas
those caused by the actinomycetes are actinomycetomas (305,
599, 600, 604, 659, 669). At least half of the mycetomas
reported in the world literature are caused by actinomycetes,
and the majority of these are caused by Nocardia spp. Mem-
bers of the genus Actinomadura are the most frequently
reported causes of actinomycetoma in certain geographic
locations (599, 600), whereas other actinomycetes such as
Streptomyces spp. may cause mycetomas in other geographic
areas (305, 599, 600, 604, 659, 669). Nocardia brasiliensis is the
most frequently recognized cause of Nocardia-induced myce-
tomas; however, it must be emphasized that N. asteroides, N.
otitidiscaviarum, and N. transvalensis can also cause mycetomas
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FIG. 2. Nocardial mycetoma of the back of a previously healthy woman several years after trauma that resulted from carrying bundles of wood
on her shoulders and back. Both N. brasiliensis and N. asteroides were isolated from biopsy specimens of these lesions. Photograph by B. L. Beaman,
and case presentation by José Serrano, University of the Andes, Merida, Venezuela.

(9, 13, 14, 167, 273, 282, 283, 286, 305, 321, 429, 439, 447, 449,
577, 579, 581, 599, 600, 604, 659, 668, 669, 714).

HOST-PARASITE RELATIONSHIPS

Nocardial Infections in Humans

There are no studies that address adequately either the
epidemiology or the incidence of nocardial infections in human
and animal populations. Since no agency or organization
monitors diseases caused by Nocardia spp., the incidence of
infections by these bacteria remains unknown. However, by
analyzing the literature, an image of the impact of nocardial
infections on human and animal health is emerging.

In 1976, Beaman et al. (78) attempted to determine the
incidence of nocardial disease in humans in the United States
by surveying members of the Infectious Disease Society of
America and comparing the data with records of nocardial
isolates referred to the Centers for Disease Control in Atlanta,
Ga.,, during the same period. Before this project began, there
was an indication in the literature that nocardial infections
were quite rare but increasing, and therefore only a few cases
were expected. Surprisingly, the data suggested that at least
500 to 1,000 cases of nocardial disease were recognized each
year in the United States. Since it is well documented that
recognition of nocardial disease is difficult and frequently
unsuccessful, it is probable that the 500 to 1,000 cases reported
in this study were a great underestimate. Furthermore, the
survey itself had design limitations that resulted in a probable
underestimate of cases (78). Since this survey, several addi-
tional analyses have been presented in the literature that
indicate that the incidence of nocardial diseases has been
underestimated and is increasing (122, 263, 585). Therefore,
human disease caused by Nocardia spp. in the United States,
and elsewhere in the world, is substantially more common than
suggested by the estimates published previously (78, 122, 263,
585). Therefore, nocardial infections in humans are not rare
and, indeed, may be relatively common.

For a comparative analysis, we randomly selected 1,050 case
presentations of nocardial infections in humans described in
the literature (see the references in Table 1). Since significantly
more than 1,050 cases have been published, this study does not
include every reported case. Furthermore, cases describing
nocardia-induced mycetomas were excluded from this analysis
because these will be considered separately. In addition,
reviews that presented large series of cases with no individual
data were not included (78, 122, 263, 585). We chose 500 cases
published since 1980 (recent) to compare with 500 cases
published between 1950 and 1979 (past) (see the references in
Table 1). In addition, we selected 50 cases described before the
current antibiotic era (before 1950) to serve as a base in order
to analyze historical trends in nocardial infections (39, 102,
103, 112, 140, 152, 155, 207, 213, 230, 231, 236, 247, 270, 272,
291, 295, 308, 342, 367, 379, 436, 531, 619, 679, 706). Unfor-
tunately, the same amount of detailed information about each
patient is not provided by the authors in every publication.
Nevertheless, adequate data are presented in the publications
selected to permit a comparative analysis.

Of the 1,000 cases published since 1950 that were selected
for further analysis, 384 occurred in patients with no identifi-
able underlying illness or predisposing factors and therefore
represented primary infections in otherwise healthy people
(Table 2). In 23 of the 1,000 cases, inadequate information was
provided to permit an evaluation of predisposing factors. In
the remaining 643 cases, specific underlying conditions ap-
peared to predispose the individuals to disease caused by
Nocardia spp. There has been an increased recognition of
Nocardia spp. in compromised patients since 1980 compared
with the period between 1950 to 1979. For example, since 1980,
at least 28.4% of infections were in healthy individuals,
whereas prior to 1980, 48.4% of the cases were reported in
normal, noncompromised patients. The 643 cases that repre-
sent “‘opportunistic nocardial disease” can be divided into at
least 30 different categories of specific predisposing conditions,
18 of which are listed in Table 2. Organ transplantation and
AIDS represent the most significantly increased factors recog-
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TABLE 2. Factors that predisposed individuals to
infection with Nocardia spp.”

No. of cases diagnosed in:

Factor

1950-1991

1950-1979  1980-1991 (total)
None 242 142 384
AIDS 0 49 49
Alcohol abuse 13 9 22
Alveolar proteinosis 17 6 23
Arthritis (steroids) 2 5 1
Asthma 6 4 10
Cancers (miscellaneous) 17 16 33
Chronic lung disease (emphysema) 6 9 15
Chronic granulomatous disease 4 9 13
Diabetes 5 12 17
Heart transplant 7 40 47
Hodgkin’s disease 23 13 36
Leukemia 20 10 30
Liver transplant 0 12 12
Lymphoma and lymphosarcoma 15 17 32
Renal transplant 30 51 81
Sarcoidosis 4 4 8
Systemic lupus erythematosus 12 13 25
Tuberculosis (culture proven) 29 7 36
Miscellaneous (variety of single 41 56 97

factors)

Unknown 7 16 23
Total 500 500 1,000

“ Data derived from the references listed in Table 1, footnote a. These data
refer to 1,000 cases identified since 1950.

nized since 1980 compared with factors reported before 1980.
The ratios of infection in most other categories appeared to
remain unchanged for the two periods being analyzed. Of
course, AIDS was not recognized until after 1980, and this
population represents about 10% of the total cases of nocar-
diosis published since 1980. Overall, there appears to be an
increase in cases reported since 1980, which supports the view
of many investigators that the incidence of disease due to
Nocardia spp. is on the rise (122, 263, 585). The most frequent
predisposition for nocardial infection is organ transplantation,
since the number of infected patients who received a renal
transplant (81 patients), a heart transplant (47 patients), or a
liver transplant (12 patients) made up 140 of the 643 studied
(21.8%). The next largest group represented individuals with
various forms of malignancy such as lymphoma and lympho-
sarcoma (32 patients), Hodgkin’s disease (36 patients), leuke-
mia (30 patients), and miscellaneous cancers (33 patients), for
a total of 131 (20.4%). Tuberculosis has been cited frequently
as a predisposing factor (Table 2). However, in most instances,
nocardiosis and tuberculosis were coexistent, and only the
cases of tuberculosis that were identified by isolation of M.
tuberculosis are included in this table. Therefore, tuberculosis
per se should not be considered a predisposing factor for
nocardiosis, because in most cases it is not clear which disease
occurred first or that one predisposed the individual to the
other. Furthermore, it is well documented that mycobacterial
and nocardial infections often occur together in the same
patient, and this dual relationship has even been reported to
occur naturally in animals (78, 150, 617).

Several investigators have indicated that nocardial infections
are more frequently recognized in males than in females (78,
122, 263, 585). A review of 1,050 cases supports this interpre-
tation since overall 70.8% of the infections were reported in
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FIG. 3. Distribution by age and sex of 1,000 cases of nocardial
infections in humans reported in the literature since 1950 (the data are
from the references listed in Table 1). Symbols: OJ, male; @, female.

males whereas only 29.2% were in females (2.4:1). Further-
more, the ratios of male to female infections were not signif-
icantly different among the 500 cases reported before 1980
compared with the 500 cases after 1980. Analysis of the ages of
patients with nocardiosis as a function of sex, however, shows
that age influenced significantly the male dominance of the
reported cases (Fig. 3). Thus, there was little difference in the
male-to-female ratio of patients in their twenties, whereas
there was almost a 4:1 ratio in individuals in their forties (Fig.
3). As noted overall, the distribution of patients reported
before 1980 was essentially the same as those after 1980 except
in one group. Patients with AIDS had a very different age-
versus-sex distribution (see the section below).

Of the 1,000 individuals infected with Nocardia spp., death
was reported in 349, resulting in an overall mortality of at least
34.9% (see the references in Table 1). However, the outcome
of the infection was not indicated in 64 cases. Of the 50
patients selected before 1950, 35 died, resulting in a 70%
mortality, but 221 of the 500 (44.2%) reported between 1950
and 1979 died, and only 128 of 500 (25.6%) patients reported
since 1980 died. Even though the mortality rate in nocardiosis
remains exceptionally high, there has been a significant im-
provement in successful therapy reported since 1980 (see the
references in Table 1). It is beyond the scope of this review to
discuss therapy; therefore recent reviews on this topic should
be consulted (74, 585, 699). Of the 349 patients with nocardi-
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osis who died, the sex was indicated for 300; 85 of the 300
(28.3%) were female whereas 215 (71.7%) were male (male-
to-female ratio, 2.5:1). Thus, the sex of the patient appeared to
have no significant effect on the clinical outcome. However, the
degree of severity of the immunocompromise had a significant
effect on the survival of the patient. Of the 384 patients with no
identifiable predisposing factor (primary infection), only 76
died (19.8%). In contrast, 273 of 643 (42.4%) of the individuals
with an underlying disorder did not survive. The mortality was
significantly greater (more than 50%) in persons who had
either systemic or CNS nocardiosis, whereas localized pulmo-
nary or extrapulmonary (excluding CNS) infections appeared
to respond better to therapy (with mortality being less than
20%) (see the references in Table 1).

Nocardial Infections in Patients with AIDS

Nocardia spp. are becoming more frequently recognized as
serious but potentially treatable pathogens in patients with
AIDS (Table 2). From the literature, there appears to be a
difference in the perception among clinicians concerning the
incidence of nocardial infections in AIDS patients (174, 330,
373, 393). However, the suggestion by some clinicians that
nocardiosis is a rare complication in AIDS patients is not
supported by either the literature or our own experience (4, 7,
40, 122, 124, 125, 148, 174, 184, 214, 217, 252, 263, 324, 330,
346, 351, 373, 374, 390, 393, 400, 435, 438, 449, 453, 493, 513,
559, 585, 593, 602, 610, 664, 680, 708). Our impression is that
there may be differences in geographic location related to the
incidence of nocardiosis in patients with AIDS. Thus, the
relative incidence may be higher in the southern and rural
regions of the United States than in metropolitan areas of the
east and west such as in New York and San Francisco.
Unfortunately, there are too few published data to address
these impressions adequately. Nevertheless, approximately 50
confirmed cases have been described in the literature in the
United States, and many more cases have been noted in
publications concerning nocardiosis in AIDS patients in Aus-
tralia, England, France, Germany, Japan, Spain, and Uganda
(4, 7, 40, 122, 124, 125, 148, 174, 184, 214, 217, 252, 263, 324,
330, 346, 351, 373, 374, 390, 393, 400, 435, 438, 449, 453, 493,
513, 559, 585, 593, 602, 610, 664, 680, 708). Furthermore, we
are aware of numerous unpublished cases of nocardiosis in
AIDS patients from many different regions of the United
States (Fig. 1A). Obviously, there is no mechanism whereby
the incidence of nocardiosis in AIDS patients can be calculated
accurately. Scott and Kuhlman (593) performed percutaneous
transthoracic needle biopsy on 13 AIDS patients with undiag-
nosed focal pulmonary lesions; in 2 of these patients (15%) the
lesions turned out to be caused by N. asteroides. De la Hoz
Caballer et al. (214) reported on seven AIDS patients who had
an adverse reaction to therapy with sulfonamides. Interest-
ingly, one (14%) of these had disseminated infection caused by
N. asteroides. Kim et al. (373) reported that from 1980 through
1989, 2,000 patients with AIDS were seen at one New York
City hospital and that only 6 of these had nocardiosis, resulting
in an incidence of 0.3%. On the other hand, Kramer and
Uttamchandani (393) reported 21 cases of pulmonary nocar-
diosis in AIDS patients seen at the University of Miami
between 1983 and 1989. In addition, they referred to cases of
extrapulmonary nocardiosis in some AIDS patients seen at this
facility but did not provide the numbers of patients seen (393).
Burton et al. (148) reported on a retrospective analysis of
specimens from 93 consecutive cervical lymph node biopsies
done by them between 1985 and 1989. Of these patients, 20
were HIV positive and 10 of them were diagnosed as having
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AIDS (148). Of the 20 HIV-positive individuals, 10 had tender
and enlarging cervical lymph nodes. A Mycobacterium sp. was
recognized in lymph nodes from eight of these patients
whereas a Nocardia sp. was found in nodes from two patients
(20%). Thus, all of the HIV-positive individuals in this study
who had tender, enlarging cervical lymph nodes were infected
with either Mycobacterium spp. (80%) or Nocardia spp. (20%)
(148).

A review of the literature resulted in at least 71 published
cases of nocardiosis in AIDS patients between 1984 and 1992;
a majority of these were reported since 1990 (4, 7, 40, 122, 124,
125, 148, 174, 184, 214, 217, 252, 263, 324, 330, 346, 351, 373,
374, 390, 393, 400, 435, 438, 449, 453, 493, 513, 559, 585, 593,
602, 611, 664, 680, 708). The site of the disease caused by
Nocardia spp. was provided for 60 of 71 cases (84.5%). Not
surprisingly, the lung was the only focus for the disease in 31 of
60 (51.7%) patients. The CNS (brain) was involved in 7 of 60
(11.7%) patients. Other important sites included the heart
(both pericarditis and endocarditis; four cases), lymph nodes
(three cases), kidneys (two cases), esophagus (two cases),
paraspinal abscess, peritoneal abscess (two cases), bone mar-
row, skin, pharyngeal abscess, and inner ear. Some cases (4 of
60 patients) were reported only as systemic disease. Since it is
well established both experimentally and clinically that Nocar-
dia spp. have a propensity for the retina during dissemination,
it is surprising that no instances of retinitis were reported
among the 60 cases. This may be because retinitis in AIDS
patients is most frequently ascribed to cytomegalovirus. Males
with nocardiosis outnumbered females by 42 to 9 (4.7:1). The
clinical outcome was given for 35 patients, of whom 20 died
(57%). In many of the patients, Nocardia spp. were not the
only organisms found; interestingly, one of the most frequently
observed second pathogens was M. tuberculosis, which was also
identified in at least 5 of the 71 (7.0%) patients (4, 7, 40, 122,
124, 125, 148, 174, 184, 214, 217, 252, 263, 324, 330, 346, 351,
373, 374, 390, 393, 400, 435, 438, 449, 453, 493, 513, 559, 585,
593, 602, 610, 664, 680, 708).

Nocardial Infection in Animals and Animal Models

The pathogenic Nocardia species not only cause disease in
humans but also cause similar diseases in a large variety of
animals (93). Since the range of naturally acquired infections
in animals has been reviewed previously (93), we will focus on
trends related to host-parasite interactions, with a particular
emphasis on experimental animal models. Nevertheless, it
should be noted that naturally acquired infections have been
reported in cattle (17, 150, 221, 240, 504, 529, 575); goats (42,
509, 603); pigs (387); sheep (603); horses (111, 458, 529); dogs
(41, 131, 141, 281, 381, 407); cats (20, 205, 504); primates (11,
126, 349, 368, 426, 457, 572); armadillos (265); antelopes and
gazelles (28, 376); deer (223); foxes (431); mongooses (431);
dolphins, porpoises, whales, and seals (345, 504, 529, 530, 656);
birds (189, 338, 339, 612); fish (158, 172, 173, 312, 382, 398, 399,
405, 627, 724); crustaceans (10); and oysters (256). N. aster-
oides is the most frequently recognized pathogen in these
animals, but N. brasiliensis and N. otitidiscaviarum (N. caviae)
have also been recovered from infections in many of these
animal species (93). Furthermore, N. seriolae and N. cros-
sostreae have been isolated from infections in fish and oysters,
respectively (256, 398, 399, 405, 689). Pulmonary and systemic
nocardioses, including infections of the brain, are the most
frequently recognized; however, cutaneous and mycetomatous
lesions also occur. In dairy animals, especially cows, mastitis is
a distinct clinical manifestation of major importance (17, 150,
221, 240, 504, 529, 575). Large numbers of outbreaks of
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nocardial mastitis have been reported in the world literature,
and in states such as California, N. asteroides and N. otitidis-
caviarum currently represent a significant cause of mastitis in
dairies, involving hundreds of cows throughout the state (53,
150).

Several experimental animal models have been investigated
since the discovery of Nocardia spp. in the 1880s. In developing
avalid animal model, it is important that the critical features to
be studied in the experimental infection parallel or mimic the
naturally acquired process. In 1891, Eppinger was the first to
use animal models to study the pathogenicity of N. asteroides
(231). His experiments with rabbits and guinea pigs fulfilled
Koch’s postulates for establishing the role of N. asteroides as
the etiology of an infectious disease. He injected an isolate
from the brain of a patient (the first isolate from a human
[230]) into guinea pigs and rabbits and found that it caused a
typical “pseudotuberculosis” similar to the infection in the
human. These experiments clearly established the etiology of
the human disease and demonstrated the pathogenicity of this
organism for guinea pigs and rabbits. Initial experiments with
mice suggested that these animals were resistant to infection by
Nocardia spp. (231). Since Rabe discovered in 1888 that
Nocardia spp. caused natural infections in healthy dogs, one of
the first animal model systems developed was in the dog (436).
In 1902, MacCallum studied healthy dogs following intrave-
nous (i.v.) inoculation with N. asteroides. He demonstrated that
these animals were quite susceptible to metastatic lesions in
various organs and died as the result of their disseminated
disease (436). In 1936, Balozet and Pernot demonstrated that
N. asteroides caused brain infection in an 18-month-old dog
(41). Naturally acquired nocardial infection in dogs with no
predisposing underlying illness may be relatively common, and
the young German shepherd appears to be one of the most
susceptible to nocardial infection (53, 93, 131, 141, 281, 381,
407). Therefore, dogs represent a good animal model for
studying naturally acquired nocardial infection because they
manifest all of the same clinical features of pulmonary and
systemic disease that are recognized in humans (93, 131, 141,
281, 381, 407, 436). However, since 1902 there has been only
sporadic use of the dog as an animal model to study nocardial
pathogenicity. This is probably due to the relative cost and
inconvenience of working with large numbers of these animals
as well as the development of better models that are more
easily studied (93). In addition to mice, rabbits, guinea pigs,
and dogs, a variety of other animals have been used experi-
mentally to study nocardiosis (93, 144, 231, 274, 436, 452, 624,
684, 686). These include primates (442), fish (172, 173),
chickens (502), cattle (575), and oysters (256).

The nocardiae have been difficult organisms to work with in
the laboratory, partially because of the misconception that they
were fungi and not bacteria. Only during the last 20 to 25 years
has reliable and reproducible information about mechanisms
of pathogenesis and host immunity to nocardial infections
been forthcoming (56, 60, 64, 67, 74, 93). One of the major
problems that had to be solved was the development of a
defined experimental animal model system that would allow
careful and systematic investigation. The early studies were not
carefully controlled, and the experiments were rather crude,
which reflected the difficulties and misconceptions in handling
the nocardiae. As a consequence, the initial attempts to induce
disease in mice and guinea pigs resulted in conflicting and
contradictory results (56, 93). Therefore, as late as the 1960s,
knowledge of whether pathogenic strains of nocardiae could
even infect guinea pigs or mice was controversial and not
clearly resolved. This was because several groups of investiga-
tors administered Nocardia spp. to rabbits, guinea pigs, and

CLIN. MicroOBIOL. REV.

mice by every conceivable route of exposure, using nonstand-
ardized and variable methods for preparing the inocula. Often
the inocula were combined with artificial adjuvants, such as
mineral oil or hog gastric mucin, which rendered the results of
these experiments on host responses to Nocardia spp. difficult
to interpret. As the result of these studies, virtually every
conceivable experimental outcome was obtained, which added
to the confusion (54, 56, 60, 64, 67, 74, 93, 107, 273, 452, 624,
685).

Beaman and colleagues selected for analysis more than 60
isolates of Nocardia spp. including strains from the American
Type Culture Collection and organisms freshly recovered from
human and animal infections (53). The growth characteristics
of these isolates were determined, and standardized methods
that permitted the preparation of homogeneous cell suspen-
sions of the organisms at specific stages of growth were
developed (54, 55, 58, 60, 64, 67, 68, 75, 76, 84, 86, 87). The
relative virulence of each nocardial strain at each stage of
growth was quantitated on the basis of 50% lethal dose (LDs,)
determinations in mice (59, 84-86, 89, 93, 695). By using these
methods, three strains of N. asteroides that represented a
spectrum of virulence were selected as models for further study
of the mechanisms of pathogenesis and host-parasite interac-
tions. Thus, cells of N. asteroides ATCC 10905 were shown to
be least virulent for mice, cells of N. asteroides ATCC 14759
were of intermediate virulence, and cells of N. asteroides
GUH-2 (an isolate from a human with a fatal infection) were
most virulent during all stages of growth (59, 84-86, 89, 93).

Filice and co-workers studied pneumonia induced in mice by
the virulent strain N. asteroides GUH-2 and described a early
neutrophil response followed by a subsequent mononuclear
cell response (246). Blockage of the early neutrophil response
in infected mice resulted in more nocardial growth than in
controls (246). A decrease in monocytes induced by silica
resulted in more severe pneumonia (536), indicating both
neutrophils and monocytes are necessary in pulmonary de-
fense against N. asteroides GUH-2.

INTERACTIONS OF NOCARDIAE WITH PHAGOCYTES

Macrophages from Animals

Macrophages can eliminate most bacteria from host tissues
by nonselective phagocytosis of invading organisms or by
specific mechanisms under control of humoral and cell-medi-
ated immune processes. The fate of the phagocytized bacteria
depends on several factors including the metabolic state of the
phagocyte and the presence of specific virulence factors pro-
duced by the bacteria which enable them to survive the
oxygen-dependent or oxygen-independent microbicidal prod-
ucts of the phagocyte (94).

In one of the first studies on specific host cell interactions
with nocardiae (129), it was shown that N. asteroides was
readily phagocytized in vitro by cultured macrophages (Fig. 4).
Microscopic studies with the less virulent N. asteroides ATCC
10905 suggested that the organism was slowly degraded by
macrophages; however, viable plate counts showed a decrease
in numbers during the first 12 days followed by significant
increases after 16 days. Electron microscopy revealed the
presence of wall-less, spheroplast-like organisms with many
properties of bacterial L-forms within the macrophages (129).
This indicated that a few of the organisms were capable of
surviving within macrophages in an altered cellular state (refer
to the section on L-forms in pathogenesis below).

Splino et al. (632, 633) demonstrated that guinea pig peri-
toneal and alveolar macrophages phagocytized N. asteroides
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FIG. 4. Scanning electron micrograph of a rabbit alveolar macrophage in the process of phagocytizing N. asteroides ATCC 14759 1 h
postinfection. The arrows indicate where the nocardial cell is being engulfed by the macrophage. Reprinted from reference 57 with permission of
the publisher.

Weipheld but that within 8 h of culture, nocardial filaments
grew through the phagocytic cell membrane. Furthermore, this
strain appeared to be cytotoxic for phagocytic cells (632).

Beaman and Smathers (92) found that the less virulent N.
asteroides ATCC 10905 was rapidly phagocytized and de-
stroyed by rabbit alveolar macrophages, except for a few cells
that persisted within the macrophages in a gram-negative form.
In a manner similar to that reported for murine peritoneal
macrophages (129), L-forms of N. asteroides were isolated
from rabbit alveolar macrophages 9 days after inoculation.
L-forms were not isolated from the medium (92). In contrast,
cells of a more virulent strain, N. asteroides ATCC 14759, were
not destroyed after being ingested by rabbit alveolar macro-
phages; instead, the CFU per macrophage increased signifi-
cantly by 6 h postinfection and, after 24 h, this strain grew out
of the macrophages (Fig. 5) as acid-fast branching filaments
(92). In addition, some of the cells of N. asteroides ATCC
14579 elicited a migratory response in the in vitro grown
alveolar macrophages and induced these aggregated macro-
phages to fuse, forming multinucleate giant cells (57). These
multinucleate giant cells appeared to be more destructive for
the intracellular bacteria than the isolated, individual macro-
phages. In contrast, neither the less virulent strain ATCC
10905 nor the more virulent strain N. asteroides GUH-2
induced macrophage fusion to elicit this giant cell response
(57, 58, 92, 96, 129).

N. asteroides GUH-2 from all stages of growth grew intra-
cellularly in normal rabbit alveolar macrophages; however,

log-phase cells increased in numbers more rapidly than did
stationary-phase cells. Macrophages obtained from the lungs
of specifically immunized rabbits inhibited the growth of
stationary-phase cells, but growth of log-phase organisms was
only temporarily retarded (58). Specific antiserum added to the
nocardial cells before incubation with immune macrophages
slightly enhanced the phagocytosis and inactivation of the
log-phase cells but not the stationary-phase cells (58). Log-
phase cells were more toxic to the macrophage monolayer than
were stationary-phase cells. Macrophages from immunized
animals did not by themselves appear to be sufficient to control
infection by virulent strains of N. asteroides. Activated macro-
phages from mice infected with Toxoplasma gondii or injected
with Corynebacterium parvum inhibited the growth of two
strains of N. asteroides that were in the stationary phase of
growth (245). In control macrophages, nocardial filaments
extended from within macrophages to the outside and the
bacteria were not acid fast. In activated macrophages, most of
the nocardial cells remained in the coccobacillary form, indi-
cating that bacterial growth was being inhibited, but the few
bacteria that did grow were strongly acid fast, indicating that a
change had occurred in the nocardial cell wall as the result of
growth within these “hostile” phagocytes (245).

When in vitro maintained rabbit alveolar macrophages were
infected with three strains of N. asteroides, it was found that
GUH-2 was the most resistant, ATCC 14759 was intermediate
in resistance, and ATCC 10905 had little resistance to being
killed by macrophages (208). These results correlated with
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FIG. 5. Electron micrograph of cultured rabbit alveolar macrophages 24 h after infection with N. asteroides ATCC 14759. (A) Low-
magnification micrograph showing the nocardial cell migrating out from one macrophage and extending into an adjacent macrophage (straight
arrow). Bent arrows indicate close physical contact among adjacent infected macrophages. (B) High-magnification insert from panel A (arrow a)
showing that the nocardial cell appears to be surrounded by electron-dense material and is not closely associated with a phagosomal membrane.
This process appears to be identical to that reported for intercellular movement of Listeria cells (358, 476, 670). Reprinted from reference 57 with
permission of the publisher. '
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previous data on the relative virulence of these strains for mice
(54, 80, 83, 84). Furthermore, the virulent strain, GUH-2,
inhibited phagosome-lysosome fusion (Fig. 6A); the interme-
diately virulent strain, ATCC 14759, only partially inhibited
fusion; whereas the less virulent strain, ATCC 10905, was
unable to inhibit fusion as shown by electron microscopy (208).
Electron microscopy of infected macrophages demonstrated
that the cells of GUH-2 were not damaged compared with cells
of strain ATCC 10905, which exhibited considerable cellular
destruction (208). The ability of N. asteroides GUH-2 to inhibit
phagosome-lysosome fusion in alveolar macrophages was
growth stage dependent in that log-phase cells were more
effective at inhibiting fusion than were stationary-phase cells
from the same culture (209). Specifically activated rabbit
alveolar macrophages incubated with primed lymph node cells
obtained from immunized rabbits, immune serum, and alveo-
lar lining material were able to both decrease the number of
viable organisms recovered and increase the incidence and
extent of bacterial cell damage with the virulent strain GUH-2
(210) (Fig. 6B).

Human PMNs and Monocytes

PMNs and monocytes kill most microorganisms through
either oxygen-independent or oxygen-dependent microbicidal
mechanisms. Filice et al. (244) found that monocytes and
PMNs from normal individuals killed 90% of Listeria monocy-
togenes and Staphylococcus aureus cells within 4 h; however, for
five strains of N. asteroides, the numbers of viable nocardiae
after 4 h of incubation with PMNs and monocytes were only 10
and 21% less, respectively, than numbers of nocardial cells
incubated without phagocytes. With the more virulent strain
GUH-2, there was no reduction in CFU over this period with
either PMNs or monocytes (244). The observation that chemi-
luminescence occurred when phagocytes encountered N. aster-
oides indicated that PMNs and monocytes were not able to kill
N. asteroides even after the occurrence of an oxidative meta-
bolic burst. However, it should be pointed out that the
nocardiae induced a much less intense metabolic burst in
PMNs than did Candida spp. (244). It was shown that this
resistance of N. asteroides to the oxidative killing mechanisms
of phagocytes was due in part, but not completely, to the
relatively high level of catalase activity within the cells of
virulent N. asteroides strains (243). Thus, the PMNs from
humans killed 80% of the cells of less virulent N. asteroides
ATCC 10905 but only 50% of the log-phase growth of the
more virulent N. asteroides GUH-2 after 3 h; however, these
PMNs were unable to kill early-stationary-phase cells of
GUH?-2 that contained 10 times more intracytoplasmic catalase
than the log-phase cells of the same organism (73). After
treatment of carly-stationary-phase cells of N. asteroides
GUH-2 with rabbit antibody specific for purified nocardial
superoxide dismutase (SOD), the PMNs were able to kill more
than 50% of the antibody-treated nocardial cells. In contrast,
the PMNs were able to kill more than 90% of the cells of L.
monocytogenes used as a control. The role of SOD in nocardial
pathogenesis is discussed in more detail below. The results
indicated that both nocardial SOD and catalase played a key
role in the resistance of N. asteroides to PMNs (73). By using
electron microscopy, Filice found that N. asteroides phagocy-
tized by PMNs had no apparent cell damage (243). However,
when fresh PMNs were continually added to in vitro prepara-
tions of PMNs infected with N. asteroides, there was an
inhibition of filament formation from intracellular coccobacil-
lary cells (243). Odell and Segal (497) found that at acid pH, N.
asteroides was resistant to human neutrophil primary granule
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lysate obtained from either healthy controls or patients with
chronic granulomatous disease. Thus, N. asteroides was resis-
tant to nonoxidative killing mechanisms of PMNs as deter-
mined by CFU recovered after 60 min of incubation with
granule lysates (497).

Studies with human monocytes maintained in vitro demon-
strated that pretreatment of these phagocytes with either
recombinant gamma interferon (rIFN-y) or recombinant tu-
mor necrosis factor alpha (rTNF-a) prior to infection with N.
asteroides resulted in enhanced nocardial growth as measured
by filament elongation. However, coincubation of rIFN-y or
rTNF-a with N. asteroides during phagocytosis by human
monocytes resulted in inhibition of nocardial growth even
though the nocardiae were not killed. Therefore, the timing of
the exposure of the phagocyte to either rIFN-y or rTNF-a had
a significant effect on their ability to alter nocardial growth
(96). It is known that monocytes exposed to factors that induce
activation show changes in a number of characteristics includ-
ing increased synthesis of lysosomal hydrolases. However,
increased production of hydrolases such as acid phosphatase
may enhance nocardial growth, since N. asteroides has been
shown to use acid phosphatase as a carbon source and this
enzyme synergistically enhanced filament elongation when
glutamate was the only carbon source (98).

IMMUNOBIOLOGY OF NOCARDIA INFECTIONS

Interactions in Germfree Animals

Germfree N:NIH(S) mice were found by Beaman et al. (81)
to be significantly more susceptible to dying of N. asteroides
infection during the acute phase of infection after either
intranasal or i.v. inoculation than were conventionally grown
animals. Pretreatment of germfree mice with lipopolysaccha-
ride increased host resistance to the level seen in convention-
ally grown animals that possessed a normal resident micro-
flora. Infection in two organs, the lungs and the brain, was
dramatically different in germfree mice from that in conven-
tionally grown animals. The pulmonary response was signifi-
cantly altered, and lipopolysaccharide treatment restored the
host resistance to pulmonary infection. The rate of growth of
GUH-2 in the brain of germfree N:NIH(S) mice was about 50
times greater than in normal mice. In infected germfree
N:NIH(S) mice pretreated with lipopolysaccharide, nocardial
growth in the brain was retarded and the nocardiae were more
rapidly eliminated than in conventionally grown mice (81).
These data indicated that nonspecific activation of phagocytes
in the brain, perhaps microglia, and activation of phagocytes in
the lungs are important in nocardial clearance following infec-
tion (69, 81).

Role of T Cells

Nude mice (deficient in functioning T cells) were found to
be more susceptible to a chronic nocardial infection induced by
i.v. injection with N. asteroides GUH-2 than were their het-
erozygous (Nu/+) littermates (80). When nude mice were
infected in the footpad with N. asteroides GUH-2, they devel-
oped a systemic infection and died within 4 weeks with little
inflammation in the footpad, whereas the Nu/+ mice devel-
oped extensive local lesions in the foot but did not die (80).
Congenitally athymic mice infected intranasally or by inhala-
tion with N. asteroides GUH-2 were more susceptible to
nocardial infection than Nu/+ littermates or Swiss Webster
mice (82). This indicates that T cells are essential for an
adequate host response against lethal infection with a virulent
strain of N. asteroides.
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When N. caviae 112 was injected into normal and athymic
mice by several different routes (89), the nude mice were more
susceptible to lethal infection after intranasal administration
than were their Nu/+ littermates. However, chronic myceto-
mas following i.v. infection occurred more readily in immuno-
competent mice, in which L-forms of N. caviae were observed,
than in the nude mice, in which L-forms were not isolated (89).
Apparently, functioning T cells are required for development
of the granulomatous inflammatory response that results in
mycetomas.

Deem et al. (211) adoptively transferred unprimed spleen
cells, Nocardia-primed spleen cells, or Nocardia-primed splenic
T cells from Nu/+ to Nu/Nu mice and infected the mice with
N. asteroides GUH-2 2 days later. Adoptive transfer with either
primed spleen cells or primed splenic T cells enhanced the
survival of the nude mice and increased their ability to
eliminate N. asteroides from the liver, spleen, and brain. This
indicates that cell-mediated immunity and T lymphocytes are
important in host resistance to systemic nocardial infection
(211).

Asplenic mice, which have a qualitative deficiency of T-cell
function as well as a quantitative reduction in immunoglobulin
levels in serum, were not as susceptible to lethal nocardial
infection as were nude mice. However, asplenic mice could not
eliminate nocardiae from infected kidneys as readily as their
heterozygous littermates did (80).

The role of T cells in nocardial infection is thought to be
primarily the activation of macrophages and stimulation of a
cellular immune response. However, Deem et al. (212) showed
that T lymphocytes may be involved directly in killing N.
asteroides. They found that Nocardia-primed lymphocytes, but
not normal lymphocytes (macrophage and B-cell depleted,
T-cell enriched spleen cells) killed N. asteroides but not Rothia
dentocariosa. Furthermore, there had to be a close association
between the nocardial cell wall and the T-lymphocyte mem-
brane as shown by light and electron microscopy (Fig. 7).
Lysing the lymphocytes with anti-Thy-1.2 plus complement
eliminated the ability to kill nocardiae (212). This may be
important in host defense against the nocardiae that escape
intracellular killing by activated macrophages.

Role of B Cells and Antibody

Although it is clear that T cells, macrophages, and cell-
mediated immunity are important in host resistance to Nocar-
dia spp. (57, 58, 80, 82, 89, 210-212, 245, 650-652), there is less
information on the role of B cells. Beaman and Maslan found
that cyclophosphamide treatment of mice 72 h prior to infec-
tion dramatically increased host susceptibility to nocardial
infection with strains ATCC 10905 and ATCC 14759 but less
so with the virulent strain GUH-2 (83). Cyclophosphamide is a
polyfunctional cytotoxic agent that can affect B-lymphocyte
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function. Beaman et al. (79) infected immunized and nonim-
munized B-cell deficient CBD2/F; (CBA/N X DBA/2) mice
with N. asteroides GUH-2 by different routes of infection. The
F, males that were unable to produce nocardia-specific anti-
body were not more susceptible to infection than female
littermates with an intact B-cell system (79). Preimmunized
male or female mice that expressed normal cell-mediated
responses were equally able to clear N. asteroides from their
adrenals, brains, kidneys, livers, lungs, and spleens. Thus, the
requirement for functioning B cells in host resistance to
nocardial infection was not shown to be as important as the
requirement for functioning T cells (79).

Rico et al. (552) found that transfer of nocardia-specific
antibody into immunologically normal or T-cell-deficient mice
(thymectomized, lethally irradiated adult mice reconstituted
with T-cell-depleted bone marrow) did not protect the mice
from development of mycetomas following footpad injection of
N. brasiliensis. In fact, the passive transfer of antibody along
with the injection of antibody-coated nocardiae magnified the
severity of the subsequent symptoms. Lethally irradiated mice,
reconstituted with spleen cells depleted of B lymphocytes that
bore receptors for nocardial antigenic extract, lacked the
ability to form antibodies to nocardial antigen; however, these
mice had a positive delayed hypersensitivity response to no-
cardial extract (supernatant obtained after Ribi cell fractiona-
tor treatment of the nocardiae) and were more effective in
controlling their nocardial infection than were T-cell depleted
mice (552). Ortiz-Ortiz et al. concluded that cellular immunity
mediated by T cells, not B cells and antibody, was an essential
mechanism for defense against N. brasiliensis infection (507).

Effects of Lymphokines and Cytokines

The nocardial cell wall contains structural components that
modulate lymphokines and cytokines in such a manner as to
affect the host response to these organisms. Of these compo-
nents, Nocardia rubra (now classified as Rhodococcus rubra)
cell wall skeleton (N-CWS) has been studied extensively, and it
was found to augment the production of interleukin-1 (IL-1)
from peritoneal macrophages in mice (332). Prostaglandin E,
inhibited the augmentation of IL-1 production and indometha-
cin increased IL-1 production by N-CWS-stimulated macro-
phages. N-CWS had been shown to have antitumor activity in
experimental animals. After it was found that N-CWS stimu-
lated IL-1 production, the fever occurring as a side effect of
N-CWS treatment of tumors was believed to be due to the
production of IL-1 acting as an endogenous pyrogen (500).
The culture supernatants of guinea pig peritoneal macro-
phages pretreated with N-CWS had L-929 cell-killing activity
resembling that of TNF (501). Gel filtration of the culture
supernatants on Sephadex G-200 showed that the fractions
with lymphocyte-activating activity (IL-1) were not the same as

FIG. 6. Electron micrographs of activated alveolar macrophages from immunized rabbits infected with N. aste;oides GUH-2. The lysosomes
were labeled with horseradish peroxidase prior to incubation with the nocardiae. (A) N. asteroides completely inhibited phagosome-lysosome fusion
in macrophages incubated in the presence of 20% normal rabbit serum. Note that there is no ultrastructural evidence of damage to the nocardiae
and that there is no horseradish peroxidase within the phagosome. The asterisk shows a granular zone surrounding the nocardiae evident in the
cytoplasm of the macrophage with an apparent loss of cytoplasmic and microfilament organization in the vicinity of the phagosomes. Arrows
indicate that the intact phagosomal membrane is tightly adjacent to the outer layer of the nocardial cell wall. (B) Occurrence of both
phagosome-lysosome fusion and nocardial cell destruction in activated macrophages incubated with 20% immune rabbit serum with complement,
alveolar lining material, and specifically primed lymph node lymphocytes from rabbits immunized with formalin-killed cells of N, asteroides GUH-2.
Arrows indicate the phagosomal membrane surrounding the ingested nocardiae. Note the electron-dense horseradish peroxidase label within
phagosomes, showing that phagosome-lysosome fusion had occurred. Most of the nocardial cells show ultrastructural evidence of damage. There
is no granular zone as seen in panel A, but, instead, microfilament and cytoplasmic organization appear intact. Reprinted from reference 210 with

permission of the publisher.
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those with cytotoxic activity. N-CWS-sensitized T lymphocytes
stimulated with N-CWS were found to produce colony-stimu-
lating factor (306). Several fractions derived from Nocardia
opaca (Rhodococcus opaca) have been shown to have immu-
nomodulating properties, including the enhancement of natu-
ral killer cell activity (45). The fractions were thought to
stimulate the production of IFN-a and IFN-B, which enhanced
natural killer cell activity (45). It is not known whether N-CWS
from N. asteroides cell wall fractions have effects similar to
N-CWS of N. rubra or N. opaca (136); however, all of these
organisms have similar basic cell wall components (199, 200).
By using the same methods described for N. opaca (136), an
extract of N. brasiliensis was found to be mitogenic for murine
B lymphocytes (508). In addition, TNF activity was detected in
sera from mice infected with N. brasiliensis, and treatment of
infected mice with antibody for TNF increased the number of
CFU recovered from spleens and livers (614). This suggests a
role for TNF in resistance to N. brasiliensis infection (613).

MECHANISMS OF NOCARDIA PATHOGENESIS

Nocardia Cell Envelope: Ultrastructure and Biochemistry

The cell envelope of Nocardia spp. is a dynamically changing
and complex structure that undergoes both ultrastructural and
chemical modification during growth (Fig. 8). These changes in
structure result in alterations of cell surface characteristics, of
cell-cell interactions, and of specific growth patterns, which, as
a consequence, have significant effects on nocardial virulence
and host-parasite interactions (55, 56, 58, 60, 64, 67, 68, 84-87,
91, 695).

By growing standardized cultures of Nocardia spp. in broth
followed by differential centrifugation, homogeneous prepara-
tions consisting of suspensions of single cells at specific phases
of growth can be obtained (55, 84). Cells of different strains of
N. asteroides at specific growth phases have been studied by
using these methods of preparation. It was shown that cells of
N. asteroides at each phase of growth differed from each other
in their virulence for mice, toxicity to host cells, host-parasite
interactions both in vivo and in vitro, and ultrastructure and
chemical composition of the cell envelope (58, 60, 67, 76,
84-87, 93, 209). Thus, the coccoid cells characteristic for the
stationary phase of growth were consistently less virulent and
less toxic than were the filamentous, logarithmically growing
cells from the same organism (58, 84, 93). Furthermore, some
strains of N. asteroides were significantly less virulent at all
stages of growth than other isolates of N. asteroides (93). On
the basis of these observations, strains of N. asteroides that
differed in their virulence were used to study further the
relationships of cell wall composition to pathogenicity.

The peptidoglycan layer of the cell wall of Nocardia spp. is
structurally similar to that found in Mycobacterium and Rhodo-
coccus spp. (29). The basal glycan consists of B-N-acetylglu-
cosaminyl-1,4-N-glycolylmuramic acid with L-alanine linked to
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the carboxyl group of N-glycolylmuramic acid (30). The amino
acid side chains consist of diamidated L-alanine-D-a-glu-
tamine-meso-DAP tripeptides and L-alanine-D-a-glutamine-
meso-DAP-D-alanine tetrapeptides (29, 688). These tetrapep-
tides are cross-linked by direct linkage between the p-alanine
of one polymer to the meso-DAP of the adjacent polymer or by
linkages between adjacent meso-DAP residues (199, 200, 464,
688). In most strains of N. asteroides, the peptidoglycan
represents only 20 to 25% of the total cell wall mass (76, 86);
however, at certain stages of growth (stationary phase) in some
Nocardia strains, it may make up as much as 45% of the cell
wall (55). As in mycobacterial cell walls, the peptidoglycan is
then attached by way of a phosphodiester linkage to the
arabinose portion of an arabinogalactan polymer. Some of the
arabinose residues of this arabinogalactan are esterified to a
mycolic acid molecule, thus forming a large peptidoglycan-
arabinogalactan-mycolate complex (55, 76, 86, 200, 464, 688).
Portions of this structure (especially the arabinogalactan) are
immunogenic and possess epitopes that are shared with
Mycobacterium, Rhodococcus, and Corynebacterium spp. (199,
200).

The cell envelope of Nocardia spp. does not contain teichoic
acid, but it does have a large number of other substances either
loosely or covalently associated with the peptidoglycan-arabi-
nogalactan-mycolic acid complex. Between 15 and 25% of the
cell wall consists of nonpeptidoglycan amino acids that repre-
sent peptides or proteins either alone or linked to lipid to form
lipoproteins, peptidolipids, or glycolipoproteins (55, 76, 86, 87,
469). The cell walls of most nocardiae contain not only
arabinose and galactose but also glucose, mannose, and ino-
sitol (55, 76, 86, 87, 371). Most strains of N. asteroides contain
trehalose which is usually linked to two molecules of mycolic
acid in the 6,6" positions (24, 86, 87, 333-336, 412, 469, 614).
This trehalose-6,6'-dimycolate (cord factor) has specific bio-
logic activity; it is toxic, it inhibits calcium-dependent mem-
brane fusion, it inhibits phagosome-lysosome fusion in macro-
phages, and it appears to be associated with nocardial
virulence (336, 615, 629, 630, 661, 729). Furthermore, there are
specific additional fatty acids and mycolic acids firmly linked to
the cell wall. Among these is a significant amount of 10-methyl
stearic acid (tuberculostearic acid) that is uniquely found in the
envelope of Mycobacterium, Nocardia, and Rhodococcus spp.
and a few additional but closely related actinomycetes (24,
469). The cell envelope of nocardiae also contains an iron-
binding secondary hydroxymate (nocobactin), long-chain ke-
tones (nocardones), and a variety of unidentified substances
(464, 469, 548). Clearly, the cell envelope of Nocardia spp. is
chemically complex and its structure and composition are not
yet completely defined.

Electron microscopy combined with biochemical analysis
reveals that the nocardial cell wall is a multilayered structure,
with all of its constituents being altered during its growth cycle
(thus there are growth stage-dependent alterations in structure
and chemical composition [Fig. 8] [55, 84, 86, 91]). Polysac-

FIG. 7. Electron micrographs of Nocardia-primed T lymphocytes from BALB/c mice immunized with N. asteroides GUH-2. These T cells were
purified from spleens of immunized animals by first removing B lymphocytes by the panning technique with rabbit anti-mouse kappa light-chain
antibody and then removing macrophages with carbonyl iron powder and bar magnets. This T-cell-enriched population was purified further by an
indirect panning technique with monoclonal antibody against Thy-1.2. The T lymphocytes were characterized by the detection of specific cell
surface markers combined with their inactivity in natural killer cell assays. They were incubated with cells of N. asteroides GUH-2 for 6 h. (A and
B) Close association between the nocardial cell and the cytoplasmic membrane of the T cell (curved arrows). There is electron-microscopic
evidence of damage to the nocardial cells (straight arrows in panel B). Viability assays demonstrated that the nocardial cells were killed by these
lymphocytes. This direct lymphocyte-mediated killing occurred in the absence of antibody and complement. Furthermore, the nocardial killing was
abrogated by treating the lymphocytes with monoclonal anti-Thy-1.2 plus complement. Bar, 1.0 wm. Reprinted from reference 212 with permission

of the publisher.
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charide capsules appear not to be associated with the surface
of pathogenic Nocardia strains, even though such capsules
have been recognized in some Rhodococcus strains (487).
Pilus-like structures that have been implicated in the patho-
genesis of Actinomyces spp. (113) have not been reported for
Nocardia spp. Freeze-etch and negatively stained preparations
visualized with the electron microscope demonstrate that the
outermost layer covering the surface of the bacterial cell has a
folded or wrinkled appearance interspersed with numerous
rope-like strands that permeate all levels of the cell wall (55,
91). The same types of strands have been reported in the
Mycobacterium cell wall (91), and it is believed that these
“ropes” consist of polymers of mycolic acids and that they
probably contain trehalose dimycolates (279).

Mycolic acids are a-branched, p-hydroxylated, long-chain
fatty acids with the following general formula (128, 334, 728):

B chain a chain
HO H
R—C—C—COOH
H R!

Methyl ester derivatives of this molecule undergo pyrolytic
cleavage at the central bond at 300°C (128, 334, 728). A fatty
acid methyl ester results from the o chain, and an aldehyde
results from the B chain (24, 275, 412, 420). The products of
this pyrolytic cleavage are characteristic for a specific mycolic
acid and can be used to differentiate the genera of bacteria that
possess them (412, 420). Mycolic acids are uniquely found in
the cell walls of the genera Mycobacterium, Nocardia, Rhodo-
coccus, Corynebacterium, Caseobacter, Gordona, and Tsuka-
murella (24, 128, 275, 412, 420, 728). Mycobacterium spp.
contain the largest and most complex mycolates (i.e., total
carbon chain length of Cg, to Cy,), whereas Corynebacterium
spp. possess the smallest (C,, to C;4) (24, 128, 151, 275, 279,
333, 420, 676, 728). The total carbon chain length of the
mycolic acids of Nocardia spp. varies from C,, to Cq, (86, 87,
128, 334, 728); however, some strains have additional mycolic
acids that are the same as those of Corynebacterium spp.
(87). The nocardiae have a complex mixture of various sizes
of mycolic acids within the same cell at any point in their
growth cycle (86, 87, 128, 334, 728). Both the size and degree
of unsaturation (number of double bonds) of the mycolic
acids within the cell wall of N. asteroides are growth stage
dependent and affected by the temperature of growth (86, 87,
671). These changes appear to correspond to differences in
toxicity and virulence (86, 87, 336). Furthermore, some inves-
tigators have used these variations in size and degree of
unsaturation to separate the nocardiae into taxonomic group-
ings (151, 728).

SOD and Resistance to Oxidative Killing by Phagocytes

Intracellular SOD serves a protective role against oxygen
toxicity in all aerobic organisms by scavenging superoxide
(0,7); however, few bacteria secrete SOD during growth.
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Virulent strains of both M. tuberculosis and N. asteroides
GUH-2 secrete SOD into the growth medium, whereas non-
pathogenic Mycobacterium and Nocardia strains do not (90,
406).

The log-phase cells of N. asteroides GUH-2 are as much as
1,000 times more virulent for mice than are stationary-phase
cells from the same culture (84). It was found that the rate of
secretion of SOD into the culture medium by GUH-2 was
significantly higher on a per-cell basis during early growth than
during the stationary phase. Furthermore, the SOD secreted
by Nocardia spp. was unique in that it contained three metals
(Fe, Mn, and Zn) in equimolar ratios, but its amino acid
composition appeared to be more closely related to that of the
Mn-containing enzymes of Mycobacterium spp. (90). Beaman
et al. (90) found that this SOD had a molecular weight of
approximately 100,000 and that it was composed of four equal
subunits (molecular weight, 25,000) that were not covalently
joined. Immunofluorescent staining specific for N. asteroides
SOD indicated that the enzyme was associated with the outer
cell wall of GUH-2 (90).

The interaction of phagocytes with most microorganisms
results in an oxidative burst as demonstrated by the release of
oxygen metabolites such as superoxide and hydrogen peroxide.
N. asteroides GUH-2 induced an oxidative metabolic burst in
PMNs; however, the leukocytes did not kill the nocardiae
(244). 1t was shown that GUH-2 was more resistant than S.
aureus to the lethal effects of H,O, alone and in combination
with lactoperoxidase and iodide (242). GUH-2 also had more
catalase than did S. aureus, and a reduction in catalase activity
by inhibitors reduced nocardial resistance to leukocyte killing,
indicating a probable role for catalase in this effect (73). In
addition to the role of catalase, the role of the surface-
associated SOD in nocardial resistance to killing by PMNs was
determined by using rabbit antibody that neutralized the
activity of the nocardial SOD. As pointed out above, PMNs
were not able to kill early-stationary-phase cells of GUH-2, but
after pretreatment with rabbit anti-SOD antibody the PMNs
were able to kill 50% of the stationary-phase cells within 3 h.
The PMNSs killed 80% of the less virulent N. asteroides ATCC
10905 cells, which had no surface-associated SOD (73). Fur-
thermore, exogenously added nocardial SOD partially pro-
tected strain ATCC 10905 from being killed by PMNs, and
nocardial SOD combined with catalase had an additive effect
that completely protected the cells of strain ATCC 10905 (73).
Addition of catalase to log-phase cells of GUH-2 resulted in
complete protection from killing by PMNs (73). These data
indicated a role for both SOD and catalase in the resistance of
nocardiae to the microbicidal mechanisms of PMNs (73).
Further proof of the importance of nocardial cell surface-
associated SOD was obtained by the use of murine monoclonal
antibodies specific for GUH-2 SOD in an in vivo model (95).
An anti-nocardial SOD monoclonal antibody that inhibited the
activity of nocardial SOD on superoxide generation in vitro
was prepared (95). This antibody bound to the bacterial cell
surface as shown by immunofluorescence. When mice were

FIG. 8. Ultrastructure of N. asteroides ATCC 14759 during its growth cycle in BHI broth. (A) Mid-lag phase of growth (5 h) showing that the
coccoid cells used as the inoculum had increased in size and the outer layers of the cell envelope had enlarged to become almost capsular (not
every cell had this appearance). (B) Mid-log phase of growth (16 h) showing that 100% of the coccoid cells had elongated to form filaments, some
with branching. (C) Early stationary phase of growth (55 h) showing that most of the filamentous cells had fragmented to short rods or coccoid
cells. (D) Late stationary phase of growth (168 h) showing that the cells had fragmented into short pleomorphic rods and cocci. The percent
viability of these cells is high (approximately 100% of the cells will grow if transferred to fresh media). Inserts a, b, ¢, and d are high-magnification
inserts showing that the cell envelope profile is different at each stage of growth. The bar in panel A indicates 1 wm for panels A, B, C, and D,
whereas the bar in panel b indicates 0.2 wm for panels a, b, c, and d. Abbreviations: V, vacuole; N, nuclear region; G, granular zone
characteristically located at the most actively growing portion of the nocardial cell. Reprinted from reference 55 with permission of the publisher.
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injected with cells of GUH-2 that had been treated with this
monoclonal antibody against SOD, there was an initial en-
hanced killing of nocardial cells followed by increased clear-
ance of GUH-2 from the lungs and livers of the mice over a
48-h period (95). Thus, at 48 h fewer organisms were recovered
from the brains, kidneys, and livers of mice that had received
anti-SOD antibody-treated nocardiae than from these organs
of control mice that had received antinocardial antibody
nonreactive with SOD (95). Therefore, in this system, the
secreted and surface-associated SOD of GUH-2 probably
interacted with and catalyzed the dismutation of the superox-
ide produced upon contact with phagocytes. This interaction
resulted in the production of H,O,, which was then broken
down by the high levels of catalase present in the cells of
virulent N. asteroides strains. The fact that the controls, GUH-2
in saline and GUH-2 treated with antibody to cell surface
antigens other than SOD, were resistant to killing in mice
indicated that the SOD protected nocardiae in vivo, and thus
SOD appears to represent an important mechanism for nocar-
dial virulence (73, 95).

Inhibition of Phagosome-Lysosome Fusion

Phagocytosis of cells of the avirulent N. asteroides ATCC
10905 was found to be followed by rapid fusion of macrophage
lysosomes with phagosomes; however, the virulent N. aster-
oides GUH-2 inhibited phagosome-lysosome fusion (208). This
effect was first demonstrated by dark-field fluorescence micros-
copy with acridine orange-labeled lysosomes and confirmed by
electron microscopy (Fig. 6) by labeling primary (detection of
acid phosphatase) or secondary (detection of horseradish
peroxidase-labeled) lysosomes (208). Increased phagosome-
lysosome fusion occurred with GUH-2 only when activated
macrophages were infected in the presence of immune lym-
phocytes, immune serum, and alveolar lining material (Fig. 6B)
(210). The ability of GUH-2 to inhibit phagosome-lysosome
fusion may be due in part to the presence of a,a-trehalose-6,6-
dimycolate (TDM) in the cell wall (for further discussion, see
elsewhere in this review) (629, 630). However, the precise
mechanisms responsible for nocardia-induced inhibition of
phagosome-lysosome fusion are not clear. Nevertheless, it is
apparent that the ability of Nocardia spp. to inhibit phago-
some-lysosome fusion within phagocytic cells is associated with
the relative virulence of the particular Nocardia strain for
animals, and this probably represents an important virulence
factor for N. asteroides (208-210).

Blockage of Phagosomal Acidification

The intraphagosomal pH after ingestion of most bacteria
and other foreign particles by phagocytic cells becomes rapidly
lowered to approximately pH 5. Most strains of N. asteroides do
not grow at pH 5 in buffered broth. In fact, GUH-2 loses
viability at pH 5 over a period of 50 h. Black et al. studied the
effect of Nocardia spp. on phagosomal pH in murine macro-
phages by using fluorescein isothiocyanate conjugated to the
surface of the bacteria as a pH-sensitive probe (117). The
fluorescent emission within individual phagosomes was quan-
titated by using a computerized cytospectrophotometer, and
because the fluorescence spectrum of fluorescein isothiocya-
nate changes as a function of pH, the phagosomal pH can be
calculated. Following ingestion of either live or dead GUH-2,
the phagosomal pH remained above pH 7 for 2 h (117). On the
other hand, the nonpathogenic strain N. asteroides ATCC
19247 only partially blocked acidification, whereas with Sac-
charomyces spp. (a nonpathogenic yeast) the pH decreased to
approximately pH 5. It seems likely that a component of
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GUH-2 blocks or neutralizes the acidification of phagosomes
in murine macrophages. However, it is not clear whether this
substance is the same one that inhibits phagosome-lysosome
fusion, because acidification may occur both independently of
phagosome-lysosome fusion and as a result of phagosome-
lysosome fusion (117). In any event, this ability to block
acidification is probably an important mechanism for the
intracellular survival of N. asteroides in macrophages.

Modulation of Phagosomal Function and Lysosomal Content

Black et al. (115, 116) found that the growth of virulent
strains of N. asteroides within macrophages affected the levels
of lysosomal enzyme activity. The activity of acid phosphatase
in individual macrophages was quantitated by means of a
computer-assisted cytospectrophotometry system, and then the
same samples were counterstained with the Gram stain. With
the assistance of this computer-operated cytospectrophotom-
eter, the number of ingested nocardiae was recorded for
individual macrophages in which acid phosphatase levels had
previously been measured (115, 116). Acid phosphatase activ-
ity was decreased in alveolar and peritoneal cells after infec-
tion with N. asteroides GUH-2, and the level of activity was
inversely proportional to the number of nocardial cells in-
gested. Killed nocardiae and N. asteroides ATCC 10905 did not
have this effect on the level of lysosomal acid phosphatase
activity (115). Indeed, nocardial resistance to killing by mac-
rophages and the relative virulence of the strain correlated
with its ability to reduce intracellular acid phosphatase levels.
Peritoneal macrophages phagocytized nocardial cells more
readily than did alveolar macrophages, and there was less
reduction of acid phosphatase activity in peritoneal macro-
phages than in alveolar macrophages. The latter cells sup-
ported the intracellular growth of nocardiae better than did
peritoneal macrophages (115). When peritoneal, alveolar, and
splenic macrophages and Kupffer cells were infected with
Nocardia strains of differing virulence, acid phosphatase activ-
ity was not changed significantly in macrophages that inhibited
the growth of N. asteroides but was increased or enhanced
in all groups of macrophages that killed the ingested nocar-
diae. In contrast, there was a significant and specific reduction
of acid phosphatase activity in macrophages in which the
nocardiac were able to grow (116). Lysozyme levels and
nonspecific protease levels were either unchanged or increased
following infection by nocardial cells even in macrophages that
had lost most of their acid phosphatase activity (118). This
indicated that acid phosphatase was not lost because of
degranulation or lysosomal membrane leakage. To explain
these results, Beaman et al. found that strain GUH-2 utilized
acid phosphatase as a sole carbon source (98). Furthermore,
acid phosphatase combined with glutamate enhanced nocar-
dial growth in vitro (98). Therefore, the decrease in acid
phosphatase activity observed in macrophages infected with
GUH-2 appeared to be due to the ability of this organism to
preferentially metabolize acid phosphatase during growth
within phagocytes (72, 98).

Role of Toxins in Nocardial Pathogenesis and
Host-Parasite Interactions

During the past 100 years, there have been sporadic reports
that nocardiae injected into experimental animals induced
toxic responses. However, until recently, attempts to isolate
and identify exotoxins from pathogenic Nocardia strains were
not successful. In 1990, Mikami and colleagues reported that
certain strains of N. ofitidiscaviarum secreted a potent toxin
(465, 494). This toxin, named HS-6, was shown chemically to
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be a 16-member macrocyclic compound with a molecular
formula of C,;H.O,, (molecular weight, 776) (465). The
LDy, of HS-6 toxin for mice was 1.25 mg/kg, and the 50%
effective dose (EDy,) for L1210 cultured cells was 0.3 ng/ml
(465). Furthermore, HS-6 caused significant damage to the
pancreas, liver, stomach, small intestine, heart, thymus, and
kidneys in ICR mice (465, 494). Electron microscopy revealed
that HS-6 induced autophagic vacuoles in the rough endoplas-
mic reticulum in pancreatic acinar cells, in hepatocytes in the
liver, in Paneth’s cells in the intestine, in smooth muscle, and in
cells in urinary tubules (665). These cellular changes occurred
within 20 min, and both the size and numbers of the auto-
phagic vacuoles expanded over a 24-h period. In addition, an
intraperitoneal injection of HS-6 induced a granulomatous
response in the pancreas, liver, and regional lymph nodes in
the animals (665). Even though this toxin caused considerable
damage to host tissues, Terao et al. (665) suggested that it
might not play an important role in nocardial pathogenesis.
They noted that cells of the toxin-producing strain of M.
otitidiscaviarum injected into mice did not induce the same
autophagocytic cellular responses and that the experimental
infection caused by the live nocardiae was different from
damage caused by the toxin (665). Nevertheless, it secems likely
that the HS-6 toxin may have significant effects on host cells
during invasion by toxin-producing strains of N. otitidiscavia-
rum.

Another group of toxins produced by some strains of
nocardiae may be hemolysins. Although many clinical isolates
of Nocardia spp. do not appear hemolytic on blood agar, some
strains of N. asteroides, N. brasiliensis, and N. otitidiscaviarum
exhibit various degrees of either alpha or beta hemolysis
against erythrocytes (RBCs) from a variety of animals (53, 229,
624). Smith and Hayward (624) suggested that beta-hemolytic
strains of N. ofitidiscaviarum were more pathogenic for mice
than were nonhemolytic strains of N. asteroides. In their study,
five of seven strains of N. otitidiscaviarum were beta hemolytic
on ox and rabbit blood but not on horse blood, and these
isolates were most pathogenic for mice. None of the four
strains of N. asteroides showed hemolytic activity against any of
the types of RBC tested (624). In a more recent study,
Emerueva described a beta hemolysin isolated from N. aster-
oides 55 (229). This beta hemolysin was localized within the
bacterial cell, and it was purified from crude cell wall prepa-
rations, suggesting that it was cell wall associated (229), which
was in contrast to the hemolysin secreted into the growth
medium by N. ofitidiscaviarum (229, 624). The hemolysin
isolated from the cell wall fraction of N. asteroides 55 was a
protein that had hemolytic activity against the RBCs of sheep,
humans, and cows but it was inactive against the RBCs from
rabbits, rats, dogs, mice, chickens, guinea pigs, horses, or pigs
(229). Thus, the hemolytic activity of the N. asteroides hemo-
lysin had a different specificity for RBCs than did the activity of
the hemolysin secreted by N. otitidiscaviarum (229, 624).

Analysis and characterization of the N. asteroides hemolysin
showed that it was toxic for mice, resulting in the death of the
animals 24 h after intraperitoneal injection (229). Further-
more, it appeared to have increased hemolytic activity when
isolated from coccoid, stationary-phase cells compared with
the filamentous cells. Thus, the specific activity of the hemo-
lysin appeared to be growth stage dependent (229). In addi-
tion, the activity of this hemolytic protein toxin was relatively
pH stable (optimal activity at pH 7), sensitive to temperature
(optimal activity at 37°C), sensitive to catabolite repression,
affected by the levels of Ca®* and Na™ ions in the media, and
immunogenic in rabbits (229). However, its role, if any, in
nocardial pathogenesis is not known.
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Role of Mycolic Acids in Nocardia-Host Interactions

A group of biologically active and toxic glycolipids have been
identified on the surface of bacterial cells of Corynebacterium,
Mycobacterium, Nocardia, and Rhodococcus spp. (24, 86, 120,
226, 227, 279, 333, 335, 336, 491, 614, 615, 630, 729). Most of
these are composed of large hydroxylated fatty acids (mycolic
acids as described above) esterified to the disaccharide treha-
lose to form a trehalose glycolipid (279). The most extensively
studied of these glycolipids is TDM. Because it was thought
that there was a relationship among mycobacterial virulence,
serpentine cord formation of virulent cells of M. tuberculosis,
and the presence of TDM, this glycolipid was named cord
factor (120, 491).

Cord factors have been shown to exhibit a myriad of
biological activities both in vitro and in vivo (279). Microgram
amounts of cord factor emulsified in mineral oil are lethal for
mice (279, 336, 615, 617). Furthermore, cord factors alter
leukocyte migration, have antitumor activity, serve as immu-
nomodulators, are toxic to mitochondria, and induce foreign
body granulomas (i.e., are granulomogenic) (279, 355). Also,
particles coated with cord factors may interact with the coag-
ulation system in a manner that permits them to become
systemically disseminated (550). It is not within the scope of
this review to discuss the extensive literature concerning cord
factors; therefore, for more information, please refer to the
recent review by Goren (279).

There have been relatively few studies on the biological
activities of cord factors isolated from Nocardia spp. (sensu
stricto), and most of the research on these compounds involved
substances isolated from either Mycobacterium spp. or the
rapidly growing, soft colony nocardiae (Rhodococcus spp.) (24,
86, 120, 226, 227, 279, 333, 335, 336, 491, 614, 615, 630, 729).
Tamplin and McClung (661) reported that there appeared to
be a relationship between the cellular content of TDM in N.
asteroides and virulence. Strains that contained larger amounts
of TDM were more virulent for mice than were those that had
little or no TDM (661). Silva et al. (615) demonstrated that
cord factor purified from N. asteroides, suspended in mineral
oil, and injected intraperitoneally in mice caused a lethal,
wasting form of disease. In addition, cord factor induced
hypertriglyceridemia and depressed glucose levels in plasma in
these animals (615). Silva et al., like most other investigators
studying the toxicity of cord factors, used TDM emulsified in
mineral oil (615). Although it is clear that TDM is lethal for
mice when prepared in this manner, the role of the mineral oil
emulsion in augmentation of the host response to TDM is
not understood, since N. asteroides TDM incorporated into
liposomes composed of phospholipids does not induce the
same lethal response (53). Furthermore, cord factors injected
into mice in a pure form in aqueous suspension do not appear
to be toxic but, instead, activate effector cells of the immune
system (279). The biological effects of TDM and its toxicity
in mineral oil depend on the concentration of TDM emulsified
in the oil (i.e., larger amounts of TDM in mineral oil are less
toxic than smaller amounts) as well as the manner in which
the cord factor is administered. Thus, a single large injection is
not as toxic as a series of small injections, and a single injection
of TDM in mineral oil is more toxic if either preceded or
followed by an injection of mineral oil without TDM (279).
Furthermore, it should be noted that TDM in mineral oil is
lethal only for certain strains of mice and that most other
animal species appear to be more resistant to the toxicity of
cord factor (279).

Even though some of the toxicity ascribed to TDM may be
an artifact of the method of administration, it is not inert



234 BEAMAN AND BEAMAN

biologically (279). Cord factors from N. asteroides were shown
to be membrane interactive and were inserted easily into
phospholipid bilayer vesicles (630). TDMs from N. asteroides
GUH-2 altered the biophysical properties of phospholipid
vesicles (liposomes) and strongly inhibited calcium-induced
membrane fusion (630). Furthermore, liposomes containing
this glycolipid inhibited phagosome-lysosome fusion of parti-
cles phagocytized by human monocytes in vitro (629). Spargo
demonstrated that cord factors appeared to be responsible for
the inhibition of phagosome-lysosome fusion reported in vir-
ulent strains of N. asteroides (629). Thus, these cord factors are
abundant in the virulent N. asteroides GUH-2, which inhibits
phagosome-lysosome fusion, whereas they are undetectable in
the avirulent N. asteroides ATCC 10905, which does not inhibit
phagosome-lysosome fusion (336, 629). Extraction of cord
factor from the cells of N. asteroides GUH-2 with ethanol-ether
abrogated their ability to inhibit phagosome-lysosome fusion in
human monocytes and murine macrophages in vitro (53, 336,
629).

A variety of other compounds linked to mycolic acids are
localized in the nocardial cell envelope (24, 29, 55, 86, 226, 277,
333, 469). Little is known concerning the toxicity or biological
activity of these compounds. It was shown that the relative
composition of mycolic acids in the cell walls of N. asteroides
changes during the growth phases of the organism when it is
cultured in brain heart infusion (BHI) broth (76, 86, 87). There
are concomitant changes in the virulence and toxicity of the
organism when tested both in vitro and in vivo (58, 67, 76, 84,
86, 87, 209). With the model strain, N. asteroides GUH-2,
log-phase cells are enriched for polyunsaturated, even-carbon-
chain-length mycolates that are predominantly Cs,, Cs,, Cs,
(86, 87). These cells are more virulent for mice, rabbits, rats,
and monkeys when injected i.v. than are stationary-phase cells
from the same culture (53, 84, 86, 93, 144). Log-phase cells of
GUH-2 are also more toxic for a variety of cells maintained in
vitro than are the stationary-phase cells (58, 97). The mycolic
acids in the cell walls of stationary-phase coccobacillary cells of
N. asteroides GUH-2 are predominantly saturated and mono-
and diunsaturated Cs, and Cs, compounds (86, 87). In addi-
tion, significant amounts of odd-carbon-chain-length mycolic
acids (e.g., C49, Cs;, Cs3) are absent in log-phase cell walls (86,
87). Obviously, the mycolic acid-containing glycolipids in the
cell envelope must reflect these relative changes in composi-
tion during nocardial growth. A mutant of N. asteroides
GUH-2 that had a different colony morphology was selected
and shown to be less virulent at all stages of growth in mice
than the parental strain was (695). An extensive analysis of this
mutant revealed that it differed from the parental strain by
possessing significantly reduced amounts of one type of my-
colic acid in the cell wall (Cs,.;) while having increased levels
of odd-carbon-chain-length mycolates (i.e., increased C,q, Cs,,
Cs3, and Cs;s) (86). Most dramatically, this mutant had com-
pletely lost the ability to invade and grow within the murine
brain (86). These results suggest that the structure of the
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mycolic acids in the cell envelope plays an important role in
both virulence and the interactions of N. asteroides in the brain
(86).

L-FORMS IN NOCARDIAL PATHOGENESIS

L-forms are microbial variants that lack a structurally intact
cell wall. As a consequence, they grow and replicate as
nonrigid cells, and on a semisolid medium they produce
characteristic colonies that have a “fried-egg” appearance
(441). Typically, L-forms are gram negative and osmotically
fragile; however, variants that appear to be osmotically stable
have been described (441). In general, L-forms are divided into
two categories: (i) stable forms, which do not revert readily to
the parental form, and (ii) unstable forms, which revert to the
parental form once the inducing condition is removed (441).
Some L-forms may produce colony variants that do not have
the typical fried-egg morphology on semisolid media. It should
be noted that the isolation and growth of most types of
bacterial L-forms require specially prepared culture media that
may be different for each strain of bacterium. Furthermore, the
cellular morphology of L-forms may become very complex
depending on the amount or type of cell wall constituents that
are present (Fig. 9). Thus, type A L-forms have no apparent
cell wall when visualized by electron microscopy (Fig. 9A), and
these cellular forms appear as protoplasts (441). In contrast,
type B L-forms have a cell wall that is incomplete or fails to
impart structural rigidity to the cells, and the cellular forms
that result may be highly pleomorphic with a dominance of
involution forms (Fig. 9B) (441). Not all bacteria grow as
L-forms, and there is considerable variability in the ability to
induce and isolate L-forms (441).

The in vitro induction of L-forms from a variety of nocardiae
was analyzed (65, 130). Some strains of N. asteroides and N.
otitidiscaviarum, but not N. brasiliensis, were converted readily
into protoplasts or spheroplasts by growth in media that
contained glycine and lysozyme or p-cycloserine. These cells
could then be grown on appropriate media to produce L-forms
(130). However, the nocardial species differed greatly in their
ability to produce spheroplasts that would subsequently grow
as L-forms (130). Of the Nocardia species studied, all strains of
N. otitidiscaviarum were readily converted to L-forms, but N.
brasiliensis strains could not be converted to L-forms in vitro
(130).

The interactions of several strains of N. asteroides with
macrophages maintained in vitro have been described (57, 58,
92, 129). N. asteroides ATCC 10905 differed significantly from
either strain ATCC 14759 or GUH-2 when incubated with
peritoneal macrophages obtained from mice (129). Following
infection of peritoneal macrophages with strain ATCC 10905,
viable plate counts on brain-heart infusion (BHI) agar showed
that there was greater than 99% reduction in viable intracel-
lular nocardiae after 8 days of incubation. However, at 16 days
after infection there was a dramatic increase in the ability to

FIG. 9. Electron micrographs of L-forms of N. asteroides ATCC 10905 grown on BYE-L agar for 1 week. (A) Type A L-form showing that this
protoplast-like cell has no ultrastructural evidence of residual cell wall (arrow). N, nuclear region; V, vacuole; CM, cytoplasmic membrane. (B)
Type B L-form showing clearly that the outer portion of the cell wall is irregularly distributed around the cell whereas there appears to be an
absence of peptidoglycan structure; thus, the cell is abnormally large and pleomorphic (compare with Fig. 8A, showing a lag-phase cell of N.
asteroides ATCC 14759). LV, Lipid vacuole; GZ, granular zone characteristically localized at the growing tip of the nocardial cell; N, nuclear
region; OL, outer layer of the cell envelope. (C) Normal cell grown for 1 week on BHI agar. Note the presence of an intact cell wall. Compare
panels A, B, and C, which are at the same magnification. (D) Phase-contrast micrograph of an L-form colony incubated for 1 month on BYE-L
agar at 37°C in 5% CO,. This isolate was obtained from murine peritoneal macrophages that had been infected with normal cells of strain ATCC
10905 3 weeks earlier; panels A and B are thin sections of similar L-forms isolated at the same time from previously infected peritoneal
macrophages but incubated for only 1 week. LB, large body. Reprinted from reference 56 with permission of the publisher.
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once again isolate nocardiae from the macrophage cultures
(129). During this process, light microscopy of Gram-stained
preparations revealed that there was a loss of gram positivity,
so that after 8 days no gram-positive bacteria could be found
(129). Even after 16 days, when viable cells could be recovered
on BHI agar, there were no gram-positive bacterial cells
apparent in these cultured macrophage monolayers (129).
Immunofluorescence microscopy with antibody from rabbits
immunized against crude cytoplasmic membrane preparations
of ATCC 10905 demonstrated that there were immunofluores-
cence-positive intracellular bacteria in the macrophages at all
times (129). Furthermore, electron microscopy failed to show
intact bacteria in the macrophages 8 days after infection, but,
instead, numerous spheroplast-like organisms were observed
from days 8 through 27 (129). When these monolayers of
macrophages were plated on BHI supplemented with 20%
fetal calf serum, 5% NaCl, and 0.7% agar, only L-forms of N.
asteroides were recovered. These data establish that macro-
phages have the ability to induce and maintain L-forms of
certain strains of N. asteroides (129).

Since L-forms of N. asteroides can be induced in vitro either
by growth in glycine plus lysozyme (129) or by macrophages
(130), it is important to determine whether they occur in the
intact host. It is well established that visualization of nocardiae
in humans and animals with progressive disease and isolation
of nocardiae from these hosts may not be successful (61-63,
66). The literature is replete with examples that describe
chronic, progressive nocardial infections that developed after a
prolonged latency in which Nocardia cells could not be recog-
nized. Furthermore, there are several reports that describe
recurrences of Nocardia spp. after repeated, prolonged, and
apparently successful chemotherapy (61-63, 66). This inability
to either visualize nocardiae in infected tissues or isolate them
from these tissues does not establish L-forms as being respon-
sible. However, these observations are consistent with the
concept that cell-wall-deficient forms of Nocardia spp. play a
significant role in both pathogenesis and latency of disease as
well as the recurrence of infections after apparently successful
chemotherapy (61-63, 66).

L-forms of N. asteroides have been isolated from the CSF of
humans with CNS nocardiosis (62). One specific case was
described wherein the patient (a man in his forties) developed
pulmonary nocardiosis secondary to the use of steroids to
control polymyositis. The pulmonary infection initially re-
sponded to chemotherapy; however, after several months of
therapy there was a relapse which indicated an infection of the
brain. A computed tomogram revealed a small diffuse cerebral
lesion; however, a repeat scan obtained days later failed to
show a brain lesion even though the patient expressed signs of
an infection of the brain. Attempts to culture nocardiae from
the CSF on standard microbiological media failed repeatedly.
Ultimately, the CSF from this patient was inoculated onto
Barile-Yarguchi-Evaland (BYE) agar to look for L-forms.
Within 2 weeks, 10* L-forms per ml of CSF were recovered on
BYE agar. Four additional samples of CSF were obtained
several weeks apart and plated on BYE agar. In every instance,
approximately 10 L-form colonies per ml of CSF were recov-
ered. The true identity of these L-forms was established when
they reverted to typical cells of N. asteroides following agar
block transfers to fresh media. The L-form revertant strain of
N. asteroides appeared to be the same as the original pulmo-
nary isolates except that they had very different antibiotic
susceptibility patterns. The L-form revertant had acquired
multiple drug resistance that the original lung isolate did not
have (62). There have been additional reports of the isolation
of L-forms of Nocardia species from the CSF of patients with
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chronic infections of the CNS (62). In addition to the human
cases, L-forms of N. asteroides were isolated from a naturally
acquired infection in a dog with both steroid- and antibiotic-
unresponsive polyarthritis (141). The authors concluded that
these L-forms played a direct role in the etiology of the
polyarthritis in this dog (141). These reports show that L-forms
of Nocardia spp. can be recovered from clinical material
obtained from humans and other animals. Furthermore, these
observations suggest strongly that L-forms play an active role
in the disease process (62). The role of nocardial L-forms in
the pathogenesis of disease has been established by using
experimental murine models (59, 61, 89). Uesaka et al. (685)
studied lesions induced in mice several days after intraperito-
neal injection with several different Nocardia spp. They often
found that organisms could be isolated from tissues in which
they could not be visualized microscopically and suggested that
gram-negative variants of Nocardia spp. were present (685).
Gonzalez-Ochoa (274) studied the virulence of several strains
of N. asteroides by inoculation of the nocardiae into the
footpads of mice. He noted that in some instances animals
developed large lesions over a period of 1 week followed by a
spontaneous healing process, so that at 2 to 3 weeks the lesions
were gone and no organisms could be found. However, the
same mice would later develop signs of inflammation in the
footpad, and after 2 months they had well-established myce-
tomas (274).

Beaman et al. (54, 59, 65, 77, 85, 89) studied the morpho-
logical, structural, and tinctorial properties of a variety of
Nocardia spp. following inoculation into mice. Most Nocardia
strains are not acid-alcohol fast when grown in BHI broth;
however, many of them become strongly acid fast when grown
in vivo (77). Furthermore, this acid fastness, unlike with
Mycobacterium spp., can be extracted with pyridine (77). Most
Nocardia strains stain uniformly with the Gram stain when
cultured on BHI but become gram variable and highly beaded
in the host. In fact, cells of N. asteroides ATCC 10905 become
gram negative, club shaped, and involuted in granules that give
rise to mycetomas during experimental infection of mice (56,
63, 83). Histochemical analysis demonstrated other alterations
in both nocardial cell structure and host response during
infection. For example, periodic acid-Schiff reactivity is posi-
tive for N. asteroides ATCC 10905 in tissues but negative when
this organism is grown in BHI. Similarly, acid hematin staining
for phospholipids is positive with cells of N. asteroides Mahvi
growing in vivo but negative with cells grown in BHI. These
reactions appear to be correlated with the relative degrees of
virulence for mice and indicate that the structure of the cell
envelope is altered during growth in the host (56, 62, 63, 66, 68,
83). Thus, the less virulent strains typically undergo the
greatest alterations when grown in vivo, whereas the most
virulent strains appear to be affected least. Furthermore,
L-forms are more readily induced and maintained in vitro
with the less virulent strains of N. asteroides (56, 62, 63, 66, 68,
83).

L-forms of both N. asteroides GUH-5 and N. otitidiscaviarum
CDC 112 were induced in the spleens of mice following
intraperitoneal injection of log-phase cells (61). In addition,
L-forms of N. ofitidiscaviarum CDC 112 were induced in the
lungs of mice following intranasal administration (59). Fur-
thermore, it was shown that these L-forms played an active role
in producing a fatal pneumonitis in the mice because at the
peak of this pulmonary response, bacteria with cell walls could
not be visualized or recovered from the lungs whereas large
numbers of L-forms of N. otitidiscaviarum CDC 112 were
isolated from these dying animals (59).

Following an i.v. injection of N. otitidiscaviarum CDC 112
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into normal, athymic, and asplenic mice, L-forms were induced
and maintained within immunologically intact hosts. L-forms
were not recovered from the immunodeficient animals (89).
Furthermore, these nocardial L-forms were involved in the
pathogenesis of disease as well as in bacterial persistence. Two
colony types of L-forms were recognized in these infections.
L-forms that gave rise to a typical colony morphology were
isolated from the brain, kidneys, spinal cord, and mycetoma-
tous lesions 1 year after infection, whereas L-form variant
colonies that were quite different in appearance were recov-
ered from the bone marrow, eyes, and spinal cord (89). With N.
otitidiscaviarum CDC 112, it appeared that the cell-wall-
deficient form of the organism played a major role in the
development of the bacterial granule that is characteristic in
mycetomatous lesions. Frequently, the mice that survived the
acute phase of the infection developed progressive neurologic
signs, including uncontrolled vertical bobbing of the head
(category II sign [70]). It was found that 78.6% of these mice
had only L-forms in their brain and that normal organisms
could not be isolated from the brain of these animals. These
results suggest that the persistence of the wall-deficient form of

. the nocardiae in the brain may be related to the development
and persistence of the neurologic signs (69, 70, 89).

When injected into mice, L-forms of Nocardia spp. that had
been induced in vitro caused disease (62, 63). N. otitidiscavia-
rum CDC 112 and N. asteroides GUH-2 were induced to grow
as L-forms in vitro (62, 63, 65) and then injected either i.v. or
intraperitoneally into mice (60, 62). The animals were moni-
tored for 1 year to assess the persistence of L-forms, the
latency of disease, the induction of a pathologic response, the
reversion of the L-forms to the normal walled cell type, and the
induction of progressive disease (62). L-forms from both
Nocardia strains, when injected intraperitoneally, induced a
pathologic response in the mice, and the L-forms from N.
otitidiscaviarum CDC 112 persisted within the host for 1 year,
inducing typical mycetomatous lesions (62). Furthermore, L-
forms injected i.v. could be recovered from the mice, especially
the kidneys, for extended periods even though the tissue
appeared normal and there was no detectable pathologic
response in the kidneys (62). In some instances, only L-forms
were recovered from the mycetomatous lesions 1 year after the
initial injection of L-forms of N. otitidiscaviarum CDC 112
induced in vitro. These cell-wall-deficient bacteria were iso-
lated from the lesions, grown in vitro, and then inoculated into
other mice. These mice developed mycetomatous lesions 6
months after infection, and only L-forms were visualized or
isolated from these lesions (Fig. 10). These experiments dem-
onstrated that L-forms of N. otitidiscaviarum were pathogenic
and that Koch’s postulates were fulfilled (62, 63, 66).

HOST-PARASITE INTERACTIONS OF NOCARDIA
SPECIES IN THE BRAIN

Analysis of 1,050 randomly selected cases of human nocar-
diosis (excluding mycetomas) published in the world literature
revealed that 238 (22.7%) of these involved the CNS (most of
these infections were limited to the brain). In a 1974 survey of
infectious disease experts, Beaman et al. (78) obtained infor-
mation on 253 clinical isolates of Nocardia spp. in the United
States during a 2-year period. It was reported that 39 of these
isolates (15.4%) were from CNS infections (78). More re-
cently, Georghiou and Blacklock (263) reviewed 70 clinically
significant Nocardia isolates collected between 1983 and 1988
at the Queensland State Health Laboratory. Of these, 38
(54.3%) were limited to infections of the skin or soft tissues
(263). The remaining 32 isolates were from either pulmonary
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or systemic nocardiosis, and 8 of these isolates (25%) infected
the CNS (263). Schaal and Lee reported on 131 clinical isolates
of Nocardia spp. that they collected at both the Institute of
Hygiene, University of Cologne, Cologne, Germany, and the
Institute for Medical Microbiology and Immunology, Univer-
sity of Bonn, Bonn, Germany (585). Of these isolates, 19
(14.5%) involved either the brain or the meninges, whereas
only 47 (35.9%) caused infections in the lungs, pleura, or chest
wall (585). Boiron et al. (122) reviewed nocardial infections
reported to the National Reference Center, Institut Pasteur,
Paris, France, between 1987 and 1990. A total of 63 clinical
isolates were identified, but for only 48 was there adequate
clinical history as to the site of infection. The CNS was
involved in 10.4% of these cases (122). Data from these studies
indicate that between 10 and 25% of all nocardial infections
(excluding mycetomas) recognized in humans involve the CNS
(78, 122, 263, 585).

Murine models that permit analysis of the mechanisms
involved in nocardial invasion of the brain have been estab-
lished (69-71, 74, 88, 97, 388, 498, 499). Thus, it was shown that
i.v. inoculation of mice (tail vein) with a suspension of virulent
nocardiae resulted in deposition of cells in the brain followed
by a rapid growth of these bacteria (388, 498, 499). Whether
nocardiae bound specifically to cells in the brain or simply
become trapped within blood vessels has been the focus of
several investigations (69-71, 74, 88, 97, 388, 498, 499).

It was shown that the stage of growth greatly affected the
number of nocardiae that were in the brain at 1 h after iv.
inoculation (388, 498, 499). Thus, when 10° CFU of log-phase
cells of N. asteroides GUH-2 were injected i.v. into mice,
approximately 10> CFU remained in the brain after 1 h,
whereas when 10° CFU of stationary-phase cells from the same
culture were injected i.v., only 10 to 12 CFU remained in the
brain after the same period (68, 86). In both instances, the total
inoculum could be recovered from the mouse, indicating that
neither log-phase nor stationary-phase cells of GUH-2 were
being killed or eliminated by the host within this period;
instead, the nocardiae were distributed differently within the
murine body (68, 86). Since log-phase cells are long and
filamentous whereas stationary-phase cells are short and coc-
cobacillary, it was thought that the size and shape of the cell
might be responsible for this altered distribution. Therefore,
an unrelated nonpathogenic actinomycete (cells of Streptomy-
ces ramosus having the same size and shape during log and
stationary phases of growth as N. asteroides GUH-2) was
injected i.v. into mice and the numbers of bacteria deposited in
the brain were enumerated. It was observed that there were
twice as many filamentous log-phase Streptomyces cells in the
brain compared with the number of stationary-phase coccoba-
cillary cells (53). Light microscopy of Gram-stained coronal
sections of the brain revealed that the Streptomyces cells were
trapped in the small capillaries and that their association with
brain cells appeared different from that of N. asteroides
GUH-2. These observations suggested that the size and shape
of the organism may have a slight effect (i.e., twofold) on
nonspecific deposition of the organisms in the brain. However,
the 100-fold increase in binding in the brain observed with
log-phase cells of GUH-2 compared with stationary-phase
cells indicated the probable presence of a specific ligand
on the surface of the filamentous N. asteroides cell (53) that
permitted it to attach to receptors on endothelial cells in the
brain.

The distribution of the attachment of N. asteroides GUH-2
within specific regions of the brain was determined by the use
of microdissection (498). BALB/c mice were injected through
the tail vein with suspensions of different concentrations of
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log-phase cells of GUH-2. After 3 h, the brains were removed,
eight different regions were dissected and homogenized, and
viable counts were determined (498). These studies showed
that nocardiae adhered within all major regions of the brain
and that the distribution of adherence was independent of the
amount of the inoculum. Two mutants of N. asteroides GUH-2
were selected on the basis of their ability to induce different
neurologic responses following i.v. injection into mice (498,
499). Each of these mutants possessed significantly altered
binding characteristics in the brain compared with the parental
GUH-2 strain. The results of these studies indicated that N.
asteroides GUH-2 used specific receptors to facilitate attach-
ment in the brain (498, 499).

The attachment of nocardiae to endothelial cells within
capillaries and arterioles in the murine brain was determined
by electron microscopy following intra-arterial perfusion with
log-phase cells of N. asteroides GUH-2 (88). Within 15 min of
exposure, nocardiae attached to the surface of the endothelial
cell membrane, and this attachment occurred mostly by way of
the tip of the growing nocardial filament (Fig. 11). Further-
more, the outermost layer of the nocardial cell wall had
electron-dense areas that bound firmly to the cytoplasmic
membrane of the host cell (Fig. 11). This attachment appeared
to be specific for regions of the pons, substantia nigra, thala-
mus, hypothalamus, and cerebral cortex (88). At the sites of
apical attachment between the nocardiae and the endothelial
cell, there was induction of a cup-like indentation followed by
rapid penetration of the endothelial surface so that the bacte-
ria were internalized within minutes. Scanning electron micros-
copy revealed that the nocardiae actively penetrated the
endothelial surfaces of capillaries and arterioles (Fig. 12).
Penetration of the endothelium by the nocardiae was pre-
vented by heating the organisms at 60°C for 2 h. However,
these heat-killed cells still attached to the endothelial surface
but with a decreased frequency (88). These observations
indicate that nocardiae have both an adhesion factor for
attachment and an invasion factor for penetration (88, 498,
499).

The site-specific growth of N. asteroides GUH-2, as well as
two mutants that differed in their ability to grow in the brain,
in eight different regions of the murine brain was determined
following i.v. inoculation (499). It was found that strain GUH-2
grew at different rates in the specific locations within the brain.
Thus, at a nonlethal dose, GUH-2 grew most rapidly in the
hippocampus, cerebral cortex, and mid-brain, whereas the
growth rate was significantly diminished in the cerebellum and
hypothalamus (499). In contrast, mutant NG-49 (which does
not induce significant neurologic signs in mice) was cleared
from the substantia nigra, did not grow in the striatum, and
demonstrated very limited, slow growth in all other regions of
the brain compared with the parental strain N. asteroides
GUH-2 (499). Mutant I-38 syn had a different growth pattern
in the brain from that of either NG-49 or the parental strain of
GUH-2. Furthermore, there appeared to be a relationship
between the growth rate of these three nocardial strains
within specific regions of the brain and the type of neurologic
signs expressed by the mice following a sublethal infection
(499).
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An ultrastructural analysis of the growth of N. asteroides
GUH-2 during invasion of the murine brain was performed
(71). At 24 h after injection of a lethal dose of nocardiae in the
tail vein, it was observed that the organisms were growing
perivascularly in the pons, substantia nigra, hypothalamus, and
thalamus regions of the brain (Fig. 13) (growth occurred in
other areas of the brain as well, but these were not studied in
detail). The nocardiae entered most types of brain cells, but
there appeared to be a specific preference for growth within
the soma of neurons (Fig. 14) as well as along their axonal
extensions (71). The nocardiae growing within the cells of the
brain were surrounded by 1 to 30 layers of membrane with the
innermost membrane adherent to the bacterial cell wall (Fig.
14). Even though the nocardiae did not induce an inflamma-
tory response during this process and there was only limited
host cell damage, the bacteria were not completely inert. Some
of the brain cells containing nocardiae showed evidence of
degeneration, and the myelin sheaths of axons were affected
the most (Fig. 15). Furthermore, demyelinization and axonal
degeneration associated with the bacterial growth were appar-
ent (Fig. 16) (71). Some of the nocardiae and surrounding
tissue were phagocytized by the more compact microglia.
However, 24 h after infection, there was no ultrastructural
evidence that the microglia damaged the nocardiae during a
lethal infection (71).

Following a nonlethal i.v. injection of N. asteroides GUH-2
into BALB/c mice, there was rapid growth of nocardiae within
the brain for 24 to 48 h (388, 499). This was followed by
persistence of the organism for approximately 1 week, and
then the bacteria were cleared from the brain, so that after 2
weeks nocardiae were not recovered from the brain (388, 499).
The mechanisms whereby nocardial growth in the brain was
stopped were not known. However, by studying nocardial
interactions in vitro with astrocytes and microglia obtained
from the brains of newborn mice, it was shown that microglia
that were cultured for 14 days prevented intracellular growth
of N. asteroides GUH-2. In contrast, astrocytes maintained in
culture for the same period supported intracellular growth of
the nocardiae (97). These data suggested that activation of
microglia, and not astroglia, was important in controlling the
growth of N. asteroides in the murine brain (97). Furthermore,
microglia and astroglia differed in their interactions with N.
asteroides GUH-2. By using standard in vitro separation meth-
ods, at least two types of astroglia were obtained from the
brains of newborn mice. One type was characterized as being
relatively large and polygonal, whereas the second type was
smaller, more ramified, and spindly (97). Nocardial cells
adhered poorly to the larger, polygonal astroglia but adhered
readily to the smaller astroglia (Fig. 17). In addition, the
nocardiae adhered more specifically to the processes radiating
from these cells (Fig. 18), and the astroglial extensions often
encircled the nocardial cell by a pseudopod coil (Fig. 18) (325)
as if attempting to engulf the organism (97). This type of
phagocytic response to nocardiae by host cells has not been
observed frequently; however, it has been seen in human
astrocytoma cells exposed to N. asteroides GUH-2 (53). Fur-
thermore, in vivo, phagocytosis of N. otitidiscaviarum by pseu-
dopod coiling has been observed with PMNs in actively

FIG. 10. L-forms of N. otitidiscaviarum CDC 112 in a granule in a mycetoma induced in a mouse 1 year after i.v. infection with a suspension
of L-forms grown in vitro. (A) Electron micrograph of a granule showing nocardial cells without an intact cell wall (curved arrows). Normal bacteria
that possessed cell walls were not observed in thin sections of tissue from the mycetoma, and only L-forms were isolated. (B) Typical L-form colony
of N. otitidiscaviarum isolated from the same mouse as in panel A. These L-forms were then grown in vitro and injected into additional mice. At
6 months to 1 year later, most of these mice had developed progressive mycetomatous lesions from which L-forms were again isolated, thus
fulfilling Koch’s postulates. Reprinted from reference 62 with permission of the publisher.
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FIG. 11. Electron micrographs showing the attachment of log-phase cells of N. asteroides GUH-2 to the endothelial cell surface of capillaries
in the murine brain. (A) The arrow points to electron-dense regions of the outer nocardial cell wall adherent to the host cell membrane at the flap
region near an intercellular tight junction (TJ) in a capillary located within the pons region of the brain. (B) The arrow indicates the tight
association between the outer cell surface at the tip of the nocardial cell and the cytoplasmic membrane of the endothelial cell in a capillary in
the substantia nigra region of the brain. ca, caveolae; Lu, lumen of the capillary; TJ, tight junction. Reprinted from reference 88 with permission
of the publisher.
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FIG. 12. Scanning electron micrographs of nocardial cells penetrating the endothelial surface of arterioles in the brain of a BALB/c mouse 15
min after intra-arterial perfusion with a suspension of log-phase cells of N. asteroides GUH-2 as described in reference 88. (A) A single nocardial
filament (N) is penetrating the endothelial cell surface (arrow) while, at the same time, a phagocytic cell (P) is attempting to phagocytize the other
end of the nocardial filament. Bar, 1 pm. (B) Several nocardial filaments penetrating an arteriole (arrows) in the mid-brain region.
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expanding lesions in athymic mice 3 months after i.v. inocula-
tion (Fig. 19). Nocardial filaments usually attached to these
astroglia by way of their apex, and they were seen to penetrate
the cell surface (Fig. 18) (97). On the other hand, the
interactions of N. asteroides GUH-2 with the microglia were
similar to those reported with macrophages (97). Indeed, in
side-by-side comparisons, the phagocytic uptake of nocardiae
by microglia was the same as that by murine peritoneal
macrophages (97).

Kohbata and Beaman (388) demonstrated that mice that
received a relatively low dose of log-phase cells of N. asteroides
GUH-2 by i.v. injection often developed specific neurologic
signs 10 to 14 days after the inoculation. The behavior of
animals infected with various Nocardia strains was grouped
into at least 10 categories (69, 70). Approximately 10% of the
mice infected with GUH-2 expressed an L-dopa-responsive
rhythmic tremor or vertical headshake several times per sec-
ond. They had a stooped posture, which was exaggerated when
they were suspended by the tail; they had tremulous hesitating
forward movement; they were hypoactive; and they expressed
retropulsion when placed on a smooth surface (category II
[70]). It was observed that mice from category II had a loss of
Nissl substance and tyrosine hydroxylase immunoreactivity in
the neurons of the substantia nigra region of the mid-brain
(388). Furthermore, hyaline inclusion bodies that resembled
Lewy bodies were found in neurons 1 month or more after
infection (388). There was a degenerative loss of neurons, and
these neurodegenerative changes were both permanent and
progressive. Therefore, mice in category II expressed several
features that were similar to those in humans with Parkinson’s
disease (70, 388). It should be emphasized that not all isolates
of pathogenic Nocardia strains invaded the brain to induce a
neurodegenerative response. Indeed, in an analysis of 65
Nocardia isolates injected into mice, only 27 (41.5%) of these
induced category II signs (53). Nevertheless, subclinical infec-
tion of mice with Nocardia spp. may serve as a model for
studying a variety of neurodegenerative diseases including
parkinsonian changes in the brain (70, 388). These observa-
tions raise several intriguing possibilities regarding the nature
of neurodegenerative disease in humans following a silent
bacterial infection of the brain. Furthermore, on the basis of
these studies, combined with similar data now obtained in a
primate model system (53), it is tempting to speculate that
certain strains of nocardiae may be etiologically associated
with some cases of neurodegenerative processes in humans.

CONCLUSIONS

Historically, nocardiae were believed to be fungi that only
rarely caused disease in humans; however, it has now been
established clearly that these organisms are bacteria that may
be relatively common pathogens causing a variety of clinical
problems in humans and most other vertebrates (93, 275, 420).
Therefore, it is now known that the nocardiae are gram-
positive, strictly aerobic actinomycetes that are closely related
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phylogenetically to the genera Corynebacterium, Mycobacte-
rium, and Rhodococcus (275, 420).

N. asteroides, N. farcinica, N. nova, N. brasiliensis, and N.
otitidiscaviarum are primary pathogens causing disease in the
general population; however, these organisms are more often
recognized as opportunistic pathogens in individuals with an
underlying condition (74, 78). Diseases caused by these bacte-
ria are worldwide in distribution and may be very difficult to
diagnose; this probably leads to underestimation of their
incidence (74, 78, 583). Pulmonary infections appear to be the
most commonly recognized; however, the organisms that cause
these infections can become blood-borne, and then the brain
becomes a primary target (74, 78, 583). In addition, the skin,
muscles, bones, and lymphatics become common sites of
infection following traumatic inoculation (74, 78, 583). It is
important to note that any body site can become targeted by
the nocardiae following either dissemination or direct implan-
tation by trauma (74, 78, 583).

The virulent strains of N. asteroides are facultative intracel-
lular pathogens that can grow in a variety of cells from humans
and experimental animals (57, 58, 71, 97, 244). The mecha-
nisms of pathogenesis have been studied extensively and have
been shown to be multiple, complex, and not yet fully under-
stood (60, 67, 68, 74). The virulence of N. asteroides appears to
be associated with its stage of growth and with its ability to
inhibit phagosome-lysosome fusion, neutralize phagosomal
acidification, resist oxidative killing mechanisms of phagocytes,
alter lysosomal enzymes within phagocytes, and invade and
grow within the brains of experimental animals (57, 58, 69, 71,
73, 84, 86, 98, 115-118, 208-210, 244). Some of the nocardial
components that appear to be involved in these processes
include secreted SOD, high levels of catalase, complex glyco-
lipids in the cell wall (e.g., trehalose dimycolate), and hemo-
lysins and other toxic substances secreted by the nocardiac (73,
86, 87, 90, 95, 229, 465, 494, 624, 629, 630).

The mechanisms of host resistance to nocardiae are also
complex and not understood completely (60, 69, 74). Filice ct
al. suggest that PMNs play a role in retarding the growth of the
nocardial cells to permit adequate time for a cell-mediated
immune response to develop, since activated macrophages are
better able to kill nocardiae than are PMNs in vitro (242-246).
However, in vivo studies in experimental animals demonstrate
that virulent strains of nocardiae are not killed within the host
for at least 3 h following i.v. injection, since 100% of the
inoculum dose can be recovered from the animals during this
period (69, 79, 80, 86, 95). Furthermore, during this 3-h period,
nocardiae are cleared from the blood and become localized
within specific body sites such as the lungs, spleen, liver,
kidneys, and brain (69, 79, 80, 86, 95). Different Nocardia
strains can then grow rapidly in these different locations. The
animal will either die or mount an effective response several
days after injection (79, 80, 81, 83, 86, 89, 95), and the ability
to mount an immune response appears to depend on func-
tional T lymphocytes and cell-mediated immunity (74, 79, 80,
81, 82, 83, 89, 210-212, 246).

FIG. 13. Perivascular growth of N. asteroides GUH-2 in the murine brain 24 h after injection into the tail vein. (A) The nocardial cell (Na) is

growing between the basement membrane and an axon. The bacterial cell appears to be surrounded by the inner membrane from the basement
membrane (curved arrow) and adherent to the outer layer of the myelin sheath of the large axon. The axongl body appears to have updcrgqnc
some degeneration (i.e., loss of microtubular integrity and some demyelination). The intercellular tight junction forming the blood-brain barrier
(arrow) appears not to be damaged. cap., capillary lumen. (B) Nocardial cells are growing around the periphery of lhe capillary, and some are
tightly associated with the basement membrane (arrows point to several nocardial cells). Notq the absence of an mﬂarpmatory response or
cytopathic effect within this region of the brain. The integrity of the capillary is unaltered. Reprinted from reference 72 with permission of the

publisher.
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FIG. 14. Electron micrographs of N. asteroides GUH-2 during growth in a neuron in the brain 24 h after injection of the nocardiae into the tail
vein of the mouse. (A) Low-magnification view of the neuron showing that the integrity of the cell is intact. There is little or no evidence of damage
to the neuron caused by the intracellular growth of the Nocardia cell. (B) High-magnification insert from panel A, showing that the nocardial cell
is surrounded by numerous layers of membrane and that the innermost membrane is tightly adherent to the surface of the nocardial cell wall

(arrow). There is no ultrastructural evidence of damage to or alteration of the bacterium during growth in the neuron. Reprinted from reference
71 with permission of the publisher.
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FIG. 15. Growth of N. asteroides GUH-2 in the brain 24 h after injection into the tail vein of a BALB/c mouse. (A) Nocardial cell (Na) growing
adjacent to a myelinated axon. The thin arrow points to the outer axonal membrane, which appears to extend around the bacterium. The thick
arrows indicate what appears to be the axonal membrane tightly adherent to the bacterial cell wall. (B) Nocardial cell (Na) within a myelinated

axon. There is significant disruption of the myelin sheath surrounding the axon (thick arrows). Reprinted from reference 72 with permission of the
publisher.
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FIG. 16. Thin section of the murine brain 24 h after injection of N. asteroides GUH-2 into the tail vein. (A) Low-magnification view showing
that the nocardial cells are growing freely throughout the brain tissue without inducing an inflammatory response (the triangular pointers note at
least 19 bacteria in this area of the brain). The arrows indicate evidence of degeneration of myelinated axons in the vicinity of nocardial cells. (B)
High-magnification view of area of the brain adjacent to that shown in panel A. Note the extensive axonal degeneration and myelin disruption
(arrows) in axons in proximity to the nocardial cells. Reprinted from rcference 71 with permission of the publisher.
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FIG. 17. Scanning electron micrographs of the interaction of nocardial cells with astroglia cultured from the brains of neonatal BALB/c mice.
(A) Low-magnification view of an astroglial cell with a filamentous cell of N. asteroides GUH-2 adherent to the astroglial cell surface (arrow). (B)
High-magnification view of panel A showing the attachment of the tip of the nocardial filament to the surface of the astroglial cell (arrow).
Reprinted from reference 97 with permission of the publisher.

It is clear that L-forms of nocardiae can be induced and
persist within the host for long periods (59, 61-63, 65, 66, 89,
129). It was shown in mice that L-forms of N. otitidiscaviarum
can persist (especially within the brain) for the life of the
animal. Furthermore, these L-forms play an important role in
pulmonary and systemic disease, and L-forms of N. otitidiscav-
iarum could be isolated from and induce mycetomas within
mice (59, 61-63, 65, 66, 89). Although L-forms can be isolated
from humans including those with CNS infections, their role in
human disease is not known (62).

It was shown in mice that some strains of N. asteroides can
invade through endothelial cells in capillaries and arterioles in
specific regions of the brain without necessarily inducing an
inflammatory response or damaging the integrity of the blood-
brain barrier (88, 388). These bacteria then pass through the
basal lamina and grow within neurons, axons, and glial cells
(71). Following a sublethal infection, the nocardiae persist

within the brain parenchyma for several days; this is followed
by a decline in recoverability so that after 2 weeks the brain
appears to be sterile (388, 498, 499). At this time the mice
begin to express a variety of movement and behavior disorders
coincidental with neurodegeneration (71, 388, 498, 499).
Neither the clinical significance nor the long-term conse-
quences of subclinical infection of humans by N. asteroides spp.
is known. However, it should be noted that 10% of mice
subclinically infected with N. asteroides GUH-2 develop a
progressive neurodegeneration that results in an L-dopa-re-
sponsive movement disorder that shares many features with
Parkinson’s disease (388). In addition, other types of neurode-
generative responses are recognized in many other mice (70).
Furthermore, after 1 to 2 years, the disease reactivated in some
of these mice, and they developed clinical nocardiosis (53). On
the basis of these observations, it is clear that much more
research is necessary concerning the mechanisms of host-
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FIG. 18. Scanning electron micrographs of the interaction of in vitro grown astroglia with cells of N. asteroides GUH-2. (A) Nocardial filament
(N) actively penetrating through the astroglial cell surface (arrow). Bar, 1 pm. Reprinted from reference 97 with permission. (B) Nocardial cell
(N) that has become entwined by the pseudopodia of an astroglial cell (arrow). This process appears to be similar to the specialized coiling
phagocytosis reported to occur during uptake of L. pneumophila by macrophages (325). Refer to Fig. 19. Bar, 1 pwm.
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¥ & ¥ ; o
FIG. 19. Electron micrographs of N. otitidiscaviarum CDC 112 in a lesion induced at the base of the skull in an athymic nude BALB/c mouse
12 weeks after i.v. injection. The nocardiae are localized within a PMN, and two nocardial cells are being phagocytized by the PMN by a process

that has been identified as pseudopod coiling (arrow) during phagocytosis of L. pneumophila by macrophages (325). Bar, 1 um. (B)
High-magnification insert showing pseudopod coiling around the nocardiae by a PMN. Bar, 1 um.
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parasite interactions as well as the incidence and the neuro-
logic consequences of subclinical infection of humans by
Nocardia spp.
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